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Tiivistelma

Fotosynteesin valoreaktioissa viherhiukkasen tylakoidikalvoon sitoutuneet
fotosysteemi (PS)II ja PSI sekda Sytokromi bef siirtavat -elektroneja
vesimolekyylilta NADP+:lle padasiassa valohaavikompleksien (LHC)II ja LHCI
kerddamidn valoenergian avulla. Samalla tylakoidikalvolle muodostuu
elektrokemiallinen gradientti, jonka avulla ATP-syntaasi katalysoi ATP:n
muodostumista. Valoreaktioiden lopputuotteita, NADPH:ta ja ATP:ta, kasvi
kayttaa sitoakseen ilmakehdn hiilidioksidia eloperdisiksi yhdisteiksi, jotka
ylldpitavat paitsi kasvien kasvua ja kehitystd, myos lahes kaikkea Maan
toisenvaraista elamaa. Elektronien kulkua valoreaktioissa on ohjattava tarkoin,
jotteivit ne vaurioita PSI:td, jota varten ei ole kehittynyt tehokasta
korjauskiertoa kuten PSIl:lla. PSI:n suojaamiseksi kasvit kykenevat
sdadtelemaan valoenergian jakautumista fotosysteemien valilla fosforyloimalla
ja defosforyloimalla LHCII:ta, optimoimaan elektronien kulkunopeutta PSIl:lta
PSL:lle PGR5-proteiinin avulla seka kierrattimaan elektroneja PSI:1ta takaisin
elektroninsiirtoketjuun NDH-1-kompleksin kautta. Tassa
vaitoskirjaprojektissa vertailin biokemiallisin ja biofysikaalisin menetelmin
lituruohon Arabidopsis thaliana villityyppia ja mutanttilinjoja, joilta on
poistettu tunnettu saatelyproteiini. Osoitin, ettd LHCII:n defosforylaatio suojaa
kirkkaassa valossa PSI:tad liiallisilta elektroneilta erottamalla kompleksit
fyysisesti toisistaan, mutta sddtelee myos Sytokromi bsf:n ja ATP-syntaasin
sijaintia tylakoidikalvolla. Osoitin myos, ettd PGR5-proteiini aktivoituu valossa
ja kontrolloi elektroninsiirtoa PSII:lta PSI:lle, mutta ei PSI:1td eteenpain. Lisdksi
havainnollistin, ettd mikali PSI kuitenkin vahingoittuu, seka PGR5 ettda NDH-1
osallistuvat fotosynteettisen elektroninsiirtoketjun toiminnan sailyttamiseen.

Avainsanat: fotosynteesi, valoreaktiot, LHCII, fotoinhibitio, fosforylaatio,
digitoniini, fluoresenssi, STN7, TAP38/PPH1, PGR5, NDH-1, PTOX
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Abstract

In photosynthetic light reactions, photosystem (PS)II and PSI as well as
Cytochrome bef, which are embedded in the thylakoid membrane of
chloroplasts, transfer electrons from water molecules to NADP* using the light
energy collected mostly by light harvesting complexes (LHC)II and LHCI.
Simultaneously, an electrochemical gradient is formed across the thylakoid
membrane and utilized by ATP synthase to catalyse the synthesis of ATP. With
the end products of photosynthetic light reactions, NADPH and ATP, plants bind
atmospheric carbon dioxide into organic compounds, which not only support
the plants’ growth and development but also nearly all heterotrophic life on
Earth. The flow of electrons in the photosynthetic machinery needs to be strictly
controlled in order to avoid damage to PSI that, unlike PSII, lacks an efficient
repair cycle. To protect PSI, plants are able to control the distribution of energy
between the photosystems through phosphorylating and dephosphorylating
LHCI], to optimize the electron transfer rate from PSII to PSI through PGR5
protein and to cycle electrons from PSI back to the electron transfer chain
through the NDH-1 complex. Here, I applied several biochemical and
biophysical approaches to compare the thale cress Arabidopsis thaliana wild
type and transgenic lines lacking certain regulatory proteins. I showed that
dephosphorylation of LHCII protects PSI from excess electrons by physically
separating the complexes but also by regulating the location of Cytochrome bef
and ATP synthase in the thylakoid membrane. Furthermore, I showed that the
activation of PGR5 requires light and that when active, the protein controls
electron transfer from PSII to PSI but not from PSI onwards. Finally, I
demonstrated that in the case of PSI damage, both PGR5 and NDH-1 participate
in maintaining the function of the photosynthetic electron transfer chain.

Keywords: photosynthesis, light reactions, LHCII, photoinhibition,
phosphorylation, digitonin, fluorescence, STN7, TAP38/PPH1, PGR5, NDH-1,
PTOX
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INTRODUCTION

1 Introduction

Virtually all life on Earth is dependent on organic compounds that are built from
atmospheric carbon dioxide (COz) using energy from the sun in a process called
photosynthesis. Although organic compounds are the end products of
photosynthesis, the side product, molecular oxygen (O>) is equally important for
major fraction of life. Photosynthetic organisms comprise anoxygenic
photosynthetic bacteria, cyanobacteria, algae and land plants that include mosses,
ferns, conifers and flowering plants. In algae and land plants, photosynthesis takes
place in cell organelles called chloroplasts that are originally evolved from
cyanobacteria. Photosynthesis is composed of two spatially separated processes:
water-splitting light reactions and carbon reduction reactions. Protein complexes
catalysing the photosynthetic light reactions are embedded in the thylakoid
membrane, which is a lipid bilayer enclosing an aqueous space, lumen, that is
separated from the surrounding chloroplast stroma. The light reactions bind the light
energy into chemical forms — NADPH and ATP — which are then used in CO:
fixation.

1.1 Photosynthetic light reactions

Photosynthetic light reactions are catalysed by pigment—protein complexes
Photosystem (PS)II and PSI (Figure 1). The light energy for the process is harvested
by specialized pigment-protein complexes called light-harvesting complexes
(LHCs), in which the energy is transferred from one pigment to another mostly by
resonance energy transfer (Forster, 1946; Forster, 1948) until it reaches the reaction
centre of a photosystem. From the two types of LHCs, LHCI collects excitation
energy only for PSI, while LHCII functions as a shared antenna for both
photosystems (Wientjes et al., 2013a; Grieco et al., 2015). With the absorbed light
energy, a specialized pair of chlorophyll a pigments in the photosystem reaction
centre, denoted as P680 for PSII and P700 for PSI, gets excited and donates an
electron to a specific primary electron acceptor. This primary charge separation
creates a pair of oppositely charged radicals and, in fact, the entire electron transfer
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INTRODUCTION

chain (ETC) is based on the formation of a series of radical pairs, each of which is
more stable than the previous one, which prevents the recombination of the charges.

The photosynthetic light reactions begin when P680 gets excited (P680*) and
donates an electron to pheophytin (Figure 1). In approximately 3 ps, the charges
between P680* and pheophytin are separated (Hughes et al., 2006) and in ~250 ps,
pheophytin has reduced the plastoquinone (PQ) at the Qa site of the reaction centre
protein D2 (Demeter and Govindjee, 1989; Govindjee et al., 2017). From Qa, the
electron is subsequently transferred to another PQ molecule that resides in the Qs
pocket of the reaction centre protein D1. After accepting two electrons and two
protons, the PQ detaches from the Qg site into the thylakoid membrane as a fully
reduced plastohydroquinone PQH, (PQ + 2 ¢ + 2 H" — PQH>), which is then
replaced with an oxidized PQ (Demeter and Govindjee, 1989; Govindjee et al., 2017)
(Figure 1). As an extremely strong oxidant, P680" receives a complementary electron
from tyrosine Z (Yz) of the reaction centre protein D1 in 20 ns—35 us (Govindjee et
al., 2017). Yz derives this electron from the MnsCaOs complex, which oxidizes the
ultimate electron source, a water molecule (H20), producing O2 as side product (2
HO —»2¢e +2H'+0»).

The next complex in the ETC, Cytochrome (Cyt) bsf, oxidizes the PQH bound
to the Qo site of the complex. The step between PSII and Cyt bef forms the main
bottleneck in the entire ETC: altogether the exchange of PQH» to PQ at the Qg site,
the diffusion of PQH: and the oxidation of it at the Qo site take approximately 5 ms
(Demeter and Govindjee, 1989). At the Qo site, PQHo is oxidized (PQH, — PQ + 2
e~ + 2 H"). The two protons of PQH: are released to the lumen, whereas from the
two electrons, one reduces the Rieske iron-sulphur (FeS) centre and the other one
reduces the so called low-potential heme by, of Cyt bs (Kallas, 2012; Dumas et al.,
2016). Next, the first electron from the FeS centre reduces plastocyanin in the
thylakoid lumen via Cyt f, while the other electron is transferred via the high-
potential heme bn to the Q; site of the Cyt bsf complex where it reduces a free PQ.
After receiving two electrons and two protons from the stroma, the PQ is released
from the Q; site as fully reduced PQH: into the thylakoid membrane and oxidized
again at the Qo site of the Cyt bsf complex. This so called Q cycle doubles the proton
translocation from stroma to lumen.

When PSI gets excited, charges separate between P700* and a special chlorophyll
a designated as Ao (Figure 1), but unlike in PSII, this charge separation only takes
less than 1 ps (Demeter and Govindjee, 1989; Govindjee et al., 2017). The oxidized
P700 (P700") accepts a complementary electron from the water-soluble
plastocyanin, and the charge separation is stabilized in ~20 ps when A, reduces a
phylloquinone A; and when, in ~100 ns, A; donates the electron to an iron-sulphur
(FeS) cluster series: Fx, Fa and Fg (Demeter and Govindjee, 1989; Govindjee et al.,
2017). Electrons from the FeS clusters reduce ferredoxin and, finally, ferredoxin-

12



INTRODUCTION

NADPH-oxidoreductase (FNR) uses the electrons to reduce NADP* to NADPH
(NADP* + 2 e + H* — NADPH). Additionally, the electrons from ferredoxin can
be cycled back to the PQ pool by NDH-1 (Figure 1), which is discussed in more
detail in section 1.6.4.

NADP* NADPH ADP
“\_FNR Pi
Samepiost ATP
Thylakoid
membrane
A
Thylakoid
lumen ’
PSI-LHCII Cyt b,f PSI-LHCI NDH-1 ATP synthase

Figure 1. The protein complexes and electron transfer chain of photosynthetic light reactions.
During the light reactions, electrons are transferred from H20 to NADP* by thylakoid protein complexes
Photosystem (PS)Il, Cytochrome (Cyt) bef and PSI as well as by mobile electron carriers plastoquinone
(PQ), plastocyanin (PC) and ferredoxin (Fd). The light reactions begin when the special chlorophyll pair
of PSII, P680, gets excited and donates an electron to pheophytin (Phe). Phe transfers the electron to a
PQ at the Qa site, from where the electron reduces another PQ at the Qs site. After accepting two electrons
and two protons, the PQ at Qs site detaches as PQH2 and is replaced by another PQ. The electron donated
by P680 is replaced by Y., which drains electrons from the water oxidizing complex of PSIl. The mobile
PQH: is oxidized by Cyt bsf, and one electron reduces the Rieske FeS centre and the other the bL heme.
The electron from the FeS centre reduces PC via Cyt f, while the electron from b. reduces another PQ via
bn heme. The PC is oxidized at PSI by the excited P700, which starts an electron transfer chain to Fd via
chlorophyll Ao, phylloquinone A1 and the FeS centres Fx, Fa and Fs. Finally, FNR uses the electron from
H20 to reduce NADP* into NADPH. In addition to the above-described linear electron transfer, NDH-1 can
cycle the electrons from Fd back into the PQ pool (purple arrow). The oxidation of H20 by PSII releases
protons in the thylakoid lumen and the electron transfer through Cyt bef and NDH-1 is coupled with proton
translocation from the chloroplast stroma into the thylakoid lumen and as a consequence, an
electrochemical gradient is formed across the thylakoid membrane. The gradient drives the synthesis of
ATP by the ATP synthase. Together the end products of the light reactions, NADPH and ATP, are used to
bind atmospheric CO2 into sugar compounds. The crystal structures and Cryo-EM density maps used for
the figure were obtained from Su et al., 2017 (PSII-LHCII), Stroebel et al., 2003 (Cyt bsf), Ben-Shem et
al., 2003 (PSI-LHCI), Laughlin et al., 2019 (NDH-1) and Abrahams et al., 1994 (ATP synthase).

During the ETC, an electrochemical gradient is formed across the thylakoid
membrane. This results from the fact that, per two electrons, the oxidation of water
at PSII releases two protons into the thylakoid lumen, together the reduction of PQ
and oxidation of PQH, translocate three protons from the chloroplast stroma into the
thylakoid lumen, while the reduction of NADP" consumes one proton from the
chloroplast stroma. The consequent acidification of the lumen is linked to important
regulatory mechanisms discussed in section 1.6. Moreover, the electrochemical
gradient acts as a proton motive force that drives ATP synthase, which releases
protons from the lumen to the stroma and couples the proton pumping to the
synthesis of ATP (Mitchell, 1966). It has been estimated that, per one electron,
maximally 0.64 ATP molecules can be produced (Foyer et al., 2012). Together, the
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NADPH and ATP produced in the photosynthetic light reactions are used to capture
and reduce atmospheric carbon dioxide into organic compounds.

1.2 Structure and interactions of the photosystems

PSII functions as a dimer. Depending on the species, each monomer contains 20-23
protein subunits and can be divided into a core and an oxygen-evolving complex
(Umena et al., 2011; Wei et al., 2016; Bezouwen et al., 2017). In terms of the core
proteins, PSBA (D1) and PSBD (D2) bind all the cofactors required in ETC at PSII,
whereas PSBB (CP47) and PSBC (CP43) function in light harvesting. The oxygen-
evolving complex includes a species-specific set of protective protein subunits and
the actual MnsCaOs cluster catalysing the oxidation of water (Bezouwen et al.,
2017). In addition to the monomeric internal antenna proteins CP47 and CP43,
excitation energy is collected by LHCII trimers, which are bound to the PSII dimer
in variable amounts. The LHCII trimers, in turn, are composed of LHCB1-3 proteins
(Jansson, 1994) and bound to PSII via monomeric antenna proteins LHCB4-6
(Boekema et al., 1999; Koufil et al., 2012). Depending on their strength of
association with PSII, the LHCII complexes can be designated as either strongly (S),
moderately (M) or loosely (L) bound LHCIIs. The S-LHCII consists of the LHCB1
and LHCB?2 proteins and is strongly attached to PSII via the LHCBS protein,
whereas the M-LHCII is composed of LHCB1 and LHCB3 and is bound to PSII via
the LHCB4 and LHCB6 proteins (Boekema et al., 1998; Koufil et al., 2012). L-
LHCII contains LHCB1, LHCB2 and LHCB3 proteins, but the details of its
attachment to PSII are still unclear (Boekema et al., 1999; Koufil et al., 2012).

Eukaryotic PSI functions as a monomer containing 16 protein subunits of which
PSAA and PSAB bind the catalytic cofactors participating in ETC at PSI (Caspy and
Nelson, 2018). In addition to conserved core antenna, the plant PSI binds four
additional pigment-proteins LHCA1—4 proteins, which form a stable LHCI antenna
(Ben-Shem et al., 2003). The PSI-LHCI complex can occasionally interact with the
NDH-1 complex via two other LHCI proteins, LHCAS and LHCA6 (Peng et al.,
2009). In addition to LHCI, excitation energy for PSI is collected by L-LHCII
(Wientjes et al., 2013a; Grieco et al., 2015; Akhtar et al., 2016; Bos et al., 2017;
Rantala et al., 2017) that can bind on the LHCI antenna (Benson et al., 2015) or
directly on PSI via the PSAH protein (Lunde et al., 2000).

1.3 Thylakoid structure and dynamics

The thylakoid, according to its name in Greek, “thylakos”, meaning “a sac”, is a
continuous membrane structure that, in higher plants, is mostly folded into so-called
grana stacks that are connected by one-layered thylakoid structures known as stroma
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thylakoids (Figure 2). The stroma thylakoids appear to wind around the grana stacks
at an angle of 20-25° (Paolillo, 1970; Mustardy and Garab, 2003; Mustardy et al.,
2008; Austin and Staehelin, 2011; Daum and Kiihlbrandt, 2011). Most of the
thylakoid area comprises protein complexes that are heterogeneously distributed
between the grana stacks and the stroma thylakoids. The location of the protein
complexes of the ETC is based on the height of their stromal projections as well as
the size of the stromal gap between the layers of the grana stacks. As depicted in
Figure 2, the relatively flat-structured PSII-LHCII complexes are enriched in the
appressed grana stacks, whereas PSI-LHCI, NDH-1 and ATP synthase are unable to
enter between the layers due to their long stromal protrusions and, as a result, reside
on the non-appressed stroma thylakoids instead (Miller and Staehelin, 1976;
Andersson and Anderson, 1980; Sirpi6 et al., 2009). However, no consensus exists
about the exact location of Cyt bef, but because the width of the stromal gap varies
between 3.2 and 4.2 nm, depending on light conditions, the complex is thought to
enter the grana stacks at least occasionally (Kirchhoff et al., 2017).

In addition to the grana and stroma thylakoids, a third thylakoid region — grana
margins — has been recognized. It contradicts the concept of strict lateral
heterogeneity by harbouring both photosystems (Albertsson, 2001; Danielsson and
Albertsson, 2009; Jarvi et al., 2011; Suorsa et al., 2014) and by enabling dynamic
interaction and energy transfer between PSII-LHCII and PSI-LHCI (Suorsa et al.,
2015; Yokono et al., 2015; Yokono and Akimoto, 2018). Originally this specific
region was thought to consist of a ring-like structure on the grana periphery i.e.
margins (Albertsson, 2001). However, the highly curved regions now have been
demonstrated to be incapable of harbouring any membrane protein complexes and,
for this reason, they likely only contain proteins directly needed for the membrane
folding (Murphy, 1986; Dekker and Boekema, 2005; Koufil et al., 2011; Armbruster
et al., 2013). Instead of the actual periphery of the grana stacks, the grana margins
seem to comprise a distinct membrane region between the appressed grana stacks
and the non-appressed stroma thylakoids (Figure 2), and such model for grana
margins is also used throughout this book. Whether the nature of this interphase is a
tubular membrane branch or a simple continuum from the surrounding stroma
thylakoids, remains to be solved (Paolillo, 1970; Mustardy et al., 2008; Austin and
Staehelin, 2011; Daum and Kiihlbrandt, 2011).

As the distribution of protein complexes relies on the folding of the membrane,
so does the grana stacking depend on the protein complexes. The major force
attaching neighbouring grana layers to each other is thought to compose of cation
screening between the negatively charged amino acids of adjacent LHCII complexes
(Barber, 1980). The attraction between the positively and negatively charged amino
acids of LHCII (Standfuss et al., 2005) as well as various interactions between
protein complexes and lipids also play a role (Dekker and Boekema, 2005). Since
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thylakoid folding is based on relatively weak interactions, it is easily affected by the
alterations in the chemical environment that reflect the state of photosynthetic light
reactions. When plants are exposed to light after a period of darkness, the intensified
proton gradient accumulates CI~ (Spetea and Schoefs, 2010) and Ca?* ions in the
thylakoid lumen (Ettinger et al., 1999) and as an osmotic result, the lumen swells
(Kirchhoff et al., 2011). As a response to changing light conditions, the thylakoid
membrane is capable of reoptimizing its stacking within minutes (Rozak et al.,
2002). Compared to darkness, chloroplasts in low light conditions show narrower
(Kyle et al., 1983) but more grana stacks with increased number of layers (Kyle et
al., 1983; Anderson, 1986; Rozak et al., 2002; Wood et al., 2019). High light
intensity, on the other hand, seem to result in fewer but wider grana stacks with less
layers (Anderson, 1986; Rozak et al., 2002; Fristedt et al., 2009; Wood et al., 2019).

Grana stack

PSII-LHCII Cytbi PSHHC* NDH-1 syrﬁw;se

Chloroplast stroma

Thylakoid
membrane

Thylakoid lumen

PSI-LHCI -~ Cyibf PSHLHGE  NDH-1 - g ained

Figure 2. Thylakoid structure and composition. The thylakoid membrane of a plant chloroplast is partly
appressed into grana stacks, and the layers of the stacks are called grana thylakoids. The area between
the layers is designated as the grana core and the peripheral area as curvature. The separate grana stacks
are connected by non-appressed stroma thylakoids, and the distal regions of the appressed grana stacks,
continuing as non-appressed stroma thylakoids, are designated as grana margins. The thylakoid system
encloses a continuous aqueous phase, lumen. The protein complexes are heterogeneously distributed in
the thylakoid membrane: PSII-LHCII is found on the appressed membranes, while the larger PSI-LHCI,
NDH-1 and ATP synthase are located on the non-appressed membranes. The location of Cyt bsf is likely
dynamically regulated based on the size of the stromal gap. The protein complexes are able to meet at
the grana margins.
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1.4 Thylakoid fractionation

Decades of research has provided a robust view of the thylakoid system, but the
details — especially on the nature of the grana margins — are still elusive. In the
absence of a direct way of visualizing protein complexes attached to the membrane,
the function of the thylakoid system has been extensively studied by fractionating it
into its structural compartments, either mechanically or chemically.

Mechanical fractionation makes use of sonication or press treatment to separate
the grana core, grana margins and stroma lamellae (Andreasson et al., 1988). The
grana cores obtained with mechanical fractionation are enriched in PSII-LHCII, the
margins with both PSII-LHCII and PSI and stroma vesicles with PSI and ATP
synthase (Suorsa et al., 2014). In addition to the grana core, margins and stroma
lamellae, the press treatment of isolated thylakoid membranes results in the so-called
Y-100 fraction, which is highly enriched in PSI and ATP synthase and is thus thought
to represent either very pure stroma lamellae or the end membranes of the grana
stacks (Jansson et al., 1997; Danielsson et al., 2004; Danielsson and Albertsson,
2009; Suorsa et al., 2014). Dimeric Cyt bsf is found in all of the fractions obtained
with mechanical fractionation (Danielsson and Albertsson, 2009), yet details on its
preferential location are missing.

Chemical fractionation relies on weak non-ionic detergents. The detergents
solubilize protein complexes at their characteristic capacity, thus resulting in
different-sized lipid-protein assemblies that are collected by centrifugation. For over
50 years, 0.2-2 % digitonin has been used to divide the thylakoid system into the
appressed and non-appressed membranes (Boardman and Anderson, 1964;
Anderson and Boardman, 1966; Kyle et al., 1984; Baena-Gonzalez et al., 1999). The
capacity of digitonin to separate the two thylakoid fractions is based on its size. As
a large molecule, digitonin is unable to reach the appressed grana core with tightly
packed protein complexes, but it easily releases the relatively small complexes from
the non-appressed stroma thylakoids, end membranes and grana margins (Jarvi et
al., 2011). This differential solubilization results in thylakoid membrane fractions
with distinct protein complex composition that consequently form pellets at different
g forces (Anderson and Boardman, 1966).

Prior to the separation of the digitonin-solubilized thylakoid fractions, the
insoluble material is removed with centrifugation at 1,000—4,500 % g (Anderson and
Boardman, 1966; Kyle et al., 1984; Baena-Gonzélez et al., 1999). The resulting
fractions are then always pelleted from the remaining supernatant. According to the
first-described fractionation method, the grana cores are collected at 10,000 x g, the
interphase at 40,000-50,000 x g and, finally, the stroma thylakoids at 144 000 x g
(Anderson and Boardman, 1966; Kyle et al., 1984). The 10,000 x g and 144,000 x g
fractions have been confirmed to represent the grana core and stroma thylakoids due
to their enrichment in PSII and PSI, respectively (Kyle et al., 1984). The interphase
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obtained with 40 000-50,000 x g, however, is more problematic: some believe it
only contains grana margins (Georgakopoulos and Argyroudi-Akoyunoglou, 1994),
while for others, it represents the whole grana, from which the grana core and grana
margins can be separated with another weak detergent, Triton X-100, and re-
centrifugation at 40,000 x g (Baena-Gonzalez et al., 1999). Furthermore, the
digitonin-insoluble grana core can be opened with dodecyl maltoside, which is able
to solubilize the whole thylakoid system since it can also enter the grana stacks (Jarvi
etal., 2011).

1.5 Photoinhibition of the photosystems

In addition to its essential role in harvesting and transducing solar energy,
photosynthesis is a central regulator between light energy input and metabolic
requirements. Too little light stunts growth and development, but too much light also
has severe consequences. If excess light is channelled to the PSII reaction centre, it
causes oxidative damage. Even though photoinhibition is directly proportional to
light intensity (Tyystjdrvi and Aro, 1996), it is important to note that also low light
can be excessive if it is insufficiently controlled i.e. used either for photochemistry
or dissipated as heat (Demmig-Adams and Adams, 1992).

No consensus exists on the exact reason leading to PSII photoinhibition, but the
damage is known to be oxidative and focused on the PSII reaction centre protein D1,
which undergoes a continuous repair cycle (Aro et al., 1993; Jarvi et al., 2015). First,
the damaged and phosphorylated PSII is monomerized and transferred to the non-
appressed membranes (Aro et al., 2005) which also house the proteases and auxiliary
proteins (Suorsa et al., 2014). Next, the monomeric PSII is dephosphorylated and
disassembled, after which the proteases are able to degrade the damaged DI
(Rintamiki et al., 1996). Novel D1 is then co-translationally synthetized into the PSII
subcomplex (Zhang et al., 1999), and the fully assembled complex monomer returns
to the grana core to dimerize and interact with LHCII (Rokka et al., 2005). Since the
repair cycle involves the migration of the damaged PSII from the grana stacks to the
non-appressed membranes, the high-light-induced partial de-stacking and lateral
shrinking of the grana stacks are thought to facilitate the repair cycle (Tikkanen et
al., 2008; Fristedt et al., 2009).

While PSII is extremely vulnerable to excess excitation energy, PSI has poor
tolerance for excess electrons. Photoinhibition of PSI has been observed under
conditions saturating the PSI electron acceptors, such as under low temperature
(Terashima et al., 1994; Zhang and Scheller, 2004) and under fluctuating light
(Suorsa et al., 2012). It has been recently reported to drastically affect the primary
metabolism, such as carbon fixation and starch accumulation (Gollan et al., 2017;
Lima-Melo et al., 2018). In the absence of free electron acceptors, the electrons
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accumulated in the FeS centres of PSI are donated to O instead, resulting in the
formation of superoxide anion (O, ), which is rapidly turned into hydrogen peroxide
(H20») by superoxide dismutase (Asada, 1999). A reaction between H>O; and the
reduced acceptor side of PSI, on the other hand, produces hydroxide anion (OH"),
which destroys the iron-sulphur centres (Sonoike et al., 1997). To prevent this
harmful reaction, ascorbate peroxidase catalyses the scavenging of H»O, into H>O
(Asada, 1999). In addition, the limitations in electron transfer favours the electron
spin of P700* to transition from singlet to triplet state (*P700), which, when reacting
with O», produces extremely harmful singlet oxygen (!0) (Shuvalov et al., 1986;
Cazzaniga et al., 2012). No efficient repair cycle exists for the inhibited PSI and, for
this reason, the rapid damage at the FeS centres is followed by the extremely slow
degradation of both reaction centre proteins, PSAA and PSAB. In addition, several
other smaller chlorophyll-binding subunits on the acceptor side are degraded due to
their retained ability to absorb light and produce ROS (Tjus et al., 1999; Kudoh and
Sonoike, 2002). In fact, it has been demonstrated that the pigment-rich LHCI antenna
is released and degraded as the first emergency measure (Alboresi et al., 2009;
Krumova et al., 2014).

1.6 Regulation of light reactions

Constantly changing light conditions challenge plants to balance between efficient
photosynthesis and avoiding photodamage. As sessile organisms, plants are unable
to relocate themselves to a more suitable environment but, instead, optimize the
amount of light by redirecting their leaves, reorganizing their chloroplasts as well as
adjusting their photosystem and antenna stoichiometry and chlorophyll content. In
addition to these strategies, fine-tuning the photosynthetic light reactions is
necessary especially in order to avoid excess electrons accumulating and damaging
PSI, which lacks an efficient repair cycle. For this reason, plants have developed a
variety of molecular regulatory mechanisms controlling both excitation energy
harvesting (sections 1.6.1 and 1.6.2) and electron transfer (sections 1.6.3, 1.6.4 and
1.6.5) in order to prevent the accumulation of excess electrons at PSI.

1.6.1 Phosphorylation of LHCII and PSII core proteins

Under low light intensities, the binding of PQH: to the Qo site of Cyt bsf activates
the STATE TRANSITION7 (STN7) kinase (Vener et al., 1997; Rintaméki et al.,
2000) in a process involving reversible autophosphorylation (Willig et al., 2011;
Trotta et al., 2016). Active STN7 phosphorylates LHCII subunits LHCB1 and
LHCB2 (Depége et al., 2003; Bellafiore et al., 2005; Bonardi et al., 2005), which
increases the affinity of LHCII towards PSI (Lunde et al., 2000; Bellafiore et al.,
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2005). The phosphorylation of LHCII is maximal at light intensities lower than the
prevailing growth conditions (Rintamaéki et al., 1997; Rintaméki et al., 2000). An
increase in light intensity accelerates PQH: binding but also results in the reduction
of stromal thioredoxins that inactivate STN7 (Rintamiki et al., 2000). The
inactivation of STN7 enables the dephosphorylation of LHCII by THYLAKOID-
ASSOCIATED PHOSPHATASE of 38 kDa / PROTEIN PHOSPHATASEI
(TAP38/PPH1) (Pribil et al., 2010; Shapiguzov et al., 2010), which has recently been
reported to associate with the PSII-LHCII-PSI-LHCI megacomplex (Rantala et al.,
2016).

The reversible phosphorylation of LHCII in plants has been traditionally related
to the so-called state transition model (Bennett et al., 1980; Allen et al., 1981; Horton
and Black, 1981). According to the model, a part of the LHCII migrates between the
photosystems during an excitation imbalance. In the case of over-excitation of PSII,
LHCII is thought to detach from PSII in the grana core and to travel to the stroma
thylakoids to collect excitation energy for PSI instead (state 2), and, vice versa, if
PSI gets over-excited, LHCII returns to the grana core (state 1). In a laboratory, such
state transitions are induced using certain light qualities: state 2 with red light and
state 1 with far-red light. In view of recent literature, the state transition model has,
however, been questioned. First of all, the dense protein complex packing likely
hampers the movement of LHCII between the appressed and nonappressed
membranes (Kirchhoff et al., 2008). Secondly, the model requires a strict lateral
heterogeneity of PSII and PSI, while the recent data points towards an interaction
between the two photosystems in the grana margins (Suorsa et al., 2015; Rantala et
al., 2017). Thirdly, a certain fraction of LHCII complexes is phosphorylated in all
light conditions and in all compartments of the thylakoids (Tikkanen et al., 2008;
Grieco et al., 2012). Finally, only phosphorylated L-LHCII, representing a small
fraction of all LHCII complexes, is capable of associating with PSI, (Rantala et al.,
2017), while the S- and M-LHCII in grana core stay confined to PSII even when
phosphorylated (Wientjes et al., 2013Db).

In addition to LHCB1 and LHCB?2, at low light conditions the STN7 kinase is
partially involved in phosphorylation of the PSII core proteins D1, D2 and CP43, as
well as the monomeric antenna protein LCHB4 (Bellafiore et al., 2005; Bonardi et
al., 2005; Tikkanen et al., 2006). More specifically, though, the PSII core protein
phosphorylation is regulated by the STATE TRANSITIONS kinase (STNS8) and the
PHOTOSYSTEM II CORE PHOSPHATASE, which both target the PSII reaction
centre proteins D1, D2 and CP43 (Bonardi et al., 2005; Vainonen et al., 2005; Samol
etal., 2012). The activation and inactivation methods of these enzymes are unknown,
but the phosphorylation of the PSII core is the most prominent in high light
(Rintaméki et al., 1997), under which it is thought to enable the rearrangement of the
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PSII-LHCII supercomplexes in the grana core, thus to facilitating the D1 repair cycle
(Tikkanen et al., 2008; Fristedt et al., 2009; Goral et al., 2010).

1.6.2 Thermal dissipation of excess excitation energy from LHCII

When light intensity increases, protons accumulate in the lumen and activate the
thermal dissipation of excess excitation energy from the LHCII antenna in a process
involving the re-organization of LHCII complexes (Horton et al., 1991; Horton et
al., 2005; Betterle et al., 2009; Holzwarth et al., 2009; Correa-Galvis et al., 2016).
The dissipation process is known to be triggered through the de-epoxidation of
violaxanthin to zeaxanthin (xanthophyll cycle) (Demmig-Adams, 1990) and/or the
protonation of the luminal glutamate residues 122 and 226 of a membrane-intrinsic
LHC protein family member, the PSBS protein (Li et al., 2000; Li et al., 2004). PSBS
associates with the PSII core as a dimer, whereas protonation monomerizes the
protein (Bergantino et al., 2003) and enhances its interaction with LHCB1 of M-
LHCII (Correa-Galvis et al., 2016). PSBS seems to enable the re-organization of
PSII-LHCII complexes into a dissipative state by enhancing their fluidity (Kiss et
al., 2008; Goral et al., 2012). This mode of LHCII has been suggested to be an LHCII
aggregate (Horton et al., 1991; Horton et al., 2005), a dissociated LHCII trimer
(Holzwarth et al., 2009) or a disintegrated pentamer LHCII-CP24—CP29 (Betterle et
al., 2009).

1.6.3 Photosynthetic control of electron transfer through Cyt bsf complex

In addition to thermal dissipation, acidification of the lumen induces the so-called
photosynthetic control of electron transfer, which is based on the pH sensitivity of
PQH, oxidation at Cyt bsf (Rumberg and Siggel, 1969; Stiehl and Witt, 1969). The
first step in the oxidation process is a formation of a hydrogen bond between PQH»
and a histidine residue in the vicinity of the Rieske FeS centre at the Qo site of Cyt
bsf (Crofts et al., 1999), and thus, protonation of the histidine residue prevents the
binding of PQHz. Consequently, ETC automatically slows down if the electrons
entering the chain from PSII exceed the capacity of the PSI electron acceptors — e.g.
when light intensity becomes excess or the carbon binding reactions begin to limit
the flow of electrons in the ETC. Thus, photosynthetic control efficiently prevents
PSI from photoinhibition by eliminating the over-reduction of PSI acceptor side
(Joliot and Johnson, 2011; Suorsa et al., 2012).

1.6.4 NDH-1-dependent electron transfer

Another way to protect PSI from saturation and damage is to redirect electrons from
ferredoxin back to the PQ pool instead of FNR (Figure 1). This cyclic electron

21



INTRODUCTION

transfer (CET) strengthens the proton gradient and consequently enhances
photosynthetic control, thermal dissipation and synthesis of ATP. It has been
suggested that the division of electrons between LET and CET could be determined
by the redox state of PSI donors and acceptors (Breyton et al., 2006). Consensus
exists that CET is mediated by an NAD(P)H PQ oxidoreductase called type | NADH
dehydrogenase (NDH-1) (Burrows et al., 1998; Rumeau et al., 2005; Yamamoto et
al., 2011). Due to its large stromal protrusions, NDH-1 is located in the non-
appressed membranes (Lennon et al., 2003) where it has been reported to physically
interact with 1 % of PSI (Peng et al., 2009; Jérvi et al., 2011). Per one electron, NDH-
1 is able to transfer four protons from the stroma to the lumen: two via the Q cycle
and two via direct pumping (Strand et al., 2017). NDH-1-dependent CET has been
shown to function on the onset of illumination and under low light (Yamori et al.,
2015). In addition to CET, NDH-1 is known to mediate chlororespiration with
PLASTID TERMINAL OXIDASE (PTOX), a small thylakoid protein (Carol et al.,
1999; Wu et al., 1999; Cournac et al., 2000; Rumeau et al., 2007). During
chlororespiration, NDH-1 feeds the PQ pool with electrons that PTOX uses to reduce
0O: to H>O (Bennoun, 1982; Cournac et al., 2000; Rumeau et al., 2007).

1.6.5 PGR5-dependent control of electron transfer

CET was first discovered in the form of oxygen-independent production of ATP
coupled with carbon fixation (Arnon et al., 1954). This so-called cyclic
phosphorylation was then found to require ferredoxin and to be sensitive to
antimycin A (Tagawa et al., 1963). Since NDH-1-dependent CET was concluded to
be insensitive to antimycin A (Endo et al., 1997), the antimycin A-sensitive CET
pathway was suggested to rely on the PROTON GRADIENT REGULATIONS
(PGRS) protein (Munekage et al., 2002) or its membrane anchor PROTON
GRADIENT REGULATION LIKE1 (PGRLT1) (Munekage et al., 2002; DalCorso et
al., 2008; Hertle et al., 2013). PGRS5 has been demonstrated to be enriched in both
the grana core and stroma thylakoids, whereas PGRLI1 is mostly found only on the
stroma thylakoids (Suorsa et al., 2014). As thermal dissipation is affected in the
absence of PGRS, it has been suggested that the protein mediates CET that
specifically down-regulates PSII by inducing thermal dissipation at LHCII
(Munekage et al., 2002). Since its discovery, however, a considerable amount of
evidence has accumulated that contradicts the previously assumed role of PGRS in
CET, and, for this reason, a hypothesis on PGRS5 as a modulator of LET has emerged
(see Discussion).
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2 Aims of the Study

The goal of this thesis project was to elucidate the functional relationship between
the molecular regulatory mechanisms that are induced by increased light intensity in
order to keep ETC optimally oxidized to protect PSI. The specific aims were:

i

il

il

v

to examine the energetic connectivity between PSII-LHCII and PSI-LHCI at
the grana margins by analyzing the appressed and non-appressed thylakoid
membranes with detergents (Paper 1),

to determine the role of the reversible phosphorylation of PSII and LHCII
proteins in the thylakoid protein complex rearrangements upon increase in
light intensity by gradually fractionating the non-appressed thylakoid
membranes with digitonin (Paper I),

to discover specific fluorescence and P700 parameters reflecting the activity
of reversible phosphorylation, thermal dissipation and photosynthetic

control that keep ETC optimally oxidized (Paper II),

to elucidate the role of PGRS in modulating photosynthetic electron transfer
(Papers II and I1I) and

to investigate the possible roles of PGR5 and NDH-1 in the acclimation of the
photosynthetic light reactions to PSI photoinhibition (Paper IV).
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3 Methodology

3.1 Plant lines and their growth and treatments

To assess the specific function of the regulatory proteins, knock-out mutants lacking
the functional genes that encode these proteins were compared to Arabidopsis
thaliana wild-type Columbia (WT). The transgenic lines along with their description
and reference as well as paper(s) of this thesis studying the lines are presented in
Table 1. The plants were grown at 23 °C and 60 % relative humidity under an 8-hour
photoperiod of either low, moderate or high light (50, 120 or 500 pmol photons m
s7!, respectively) with POWERSTAR HQI-T 400 W/D metal halide lamps (OSRAM
GmbH, Munich, Germany) as the light source. Prior to experiments, some plants
were treated with 2 h of high light (600 umol photons m~ s!) (Paper I), some with
3 days of fluctuating light (50 mmol photons m~ s! for 5 min and 500 mmol photons
m2 s7! for 1 min under an 8-hour photoperiod) (Paper II) and some with 2 and 4 h
of a PSI-inhibiting light regime, as explained in detail in Table 2 in Paper IV.

Table 1. Transgenic lines of Arabidopsis thaliana used in this thesis.

Genotype and Molecular Studied
missing protein(s) phenotype in Paper
pgrb Impaired proton gradient and thermal dissipation, reduced ETC I, I, IV
PGR5 (Munekage et al., 2002); depletion in PSI, upregulated ATP synthase and

PTOX under fluctuating light (Suorsa et al., 2012)
nadho Lacking chloroplast NDH-1 complex (Rumeau et al., 2005) \Y
NDHO
npq4 Impaired thermal dissipation seen as low non-photochemical quenching I, lll
PSBS of fluorescence (Li et al., 2000)
stn7 Absent phosphorylation of LHCB1 and LHCB2, decreased excitationand 1, Il
STN7 increased amount of PSI (Bellafiore et al., 2005)
stn8 Decreased phosphorylation of CP43, D1 and D2 (Bonardi et al., 2005); |
STN8 increased membrane folding (Fristedt et al., 2009)
stn7stn8 Missing phosphorylation of LHCII and PSIlI (Bonardi et al., 2005); |
STN7 and STN8 increased membrane folding (Fristedt et al., 2009)
npg4stn7 Absent LHCII phosphorylation and thermal dissipation (Frenkel et al., Il
PSBS and STN7 2007)
tap38/pph Missing dephosphorylation of LHCII under high light (Pribil et al., 2010; I, Il
TAP38/PPH1 Shapiguzov et al., 2010)
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3.2 Thylakoid isolation

In Papers I and IV, thylakoids from the leaves of 5 to 6-week-old plants were isolated
one hour after the beginning of the daily photoperiod or after a specific light
treatment, as explained in section 3.1. First, the rosettes were ground in grinding
buffer (50 mM Hepes-NaOH pH 7.5, 330 mM sorbitol, 5 mM MgCl,, 0.05 % (w/v)
BSA and 10 mM NaF) and filtered through Miracloth. Chloroplasts were collected
by centrifugation at 3,952 x g for 7 min at 4 "C and ruptured osmotically in shock
buffer (50 mM Hepes-NaOH pH 7.5, 5 mM sorbitol, 10 mM MgCl, and 10 mM
NaF). The released thylakoids were collected by centrifugation at 3,952 x g for 7
min at 4 °C and suspended in storage buffer (50 mM Hepes-NaOH pH 7.5, 100 mM
sorbitol, 10 mM MgCl,, and 10 mM NaF). Chlorophyll ¢ and b concentration was
determined according to Porra et al., 1989.

3.3 Gradual fractionation of thylakoids with digitonin

For gradual fractionation into its compartments in Paper I, the isolated thylakoids
were diluted into storage buffer and solubilized with either 0, 0.25, 0.5, 1 or 2 %
(w/v) digitonin (Calbiochem) and subjected to vigorous shaking for 8 min (Figure
3A). Due to its bulky nature, digitonin is only able to solubilize the non-appressed
membranes. The non-appressed stroma thylakoids and grana margins were separated
from the grana core by centrifugation at 18,620 x g for 25 min at 4 °C, after which
the volume of both fractions was adjusted with storage buffer. The increasing
concentration of digitonin was assumed to approach the non-appressed membranes
gradually: the lowest concentration of digitonin was hypothesized to only break
weak interactions in the stroma thylakoids, while the higher concentrations were
expected to be able to dissect the PSII-LHCII-PSI-LHCI megacomplex in the grana
margins (Figure 3B).

A Solubilizing with B
0,0.25,0.5, 1

Figure 3. Gradual digitonin solubilization.
A. Isolated thylakoids were solubilized with O,
0.25, 0.5, 1 and 2 % of digitonin, after which
the soluble fraction (green) was separated

! or 2 % digitonin
Grana . ! ‘
from the insoluble fraction (blue) with
Fractionating by centrifugation and the volumes were
centrifugation equalized. B. A hypothetical model of the
gradual dissection of the non-appressed

membranes (green) by digitonin. The figure
ﬁ Soluble

s

Separating
the fractions

Equalizing
the volumes

is modified from Figure 4 in Paper I.
Insoluble
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3.4 Quantitating proteins with Western blotting

To compare the amount of certain proteins between the genotypes in Papers III and
IV, isolated thylakoids were subjected to Western blotting. First, the membranes
were solubilized with sample buffer (138 mM Tris—HCI pH 6.8, 6 M urea, 22.2 %
(v/v) glycerol, 4.3 % (w/v) SDS, 10 % (v/v) b-mercaptoethanol), after which the
insoluble material was removed by centrifugation at 3,952 x g for 5 min at room
temperature. The solubilized proteins were then separated with SDS polyacrylamide
gel electrophoresis (SDS-PAGE) with 15 % acrylamide and 6 M urea and
subsequently transferred onto PVDF membrane (Millipore). Proteins of interest were
recognized with specific antibodies and detected with horseradish peroxidase-linked
secondary antibody (Agrisera) and Amersham ECL Western blotting detection
reagents (GE Healthcare). To ensure equal sample content, all proteins were
visualized with 0.1 % Coomassie Brilliant Blue diluted into 40 % (v/v) methanol and
10 % (v/v) acetic acid. Intensity of the antibody signal was quantified using
GeneTools software (Syngene).

3.5 Visualizing protein complexes with blue native gel
electrophoresis

For the protein complex analysis in Paper I, the thylakoids were fractionated with 1
% (w/v) digitonin as described in 3.3, but instead of storage buffer, the digitonin-
soluble and -insoluble fractions were resuspended into a chlorophyll concentration
of 0.5 pg/ul with 25BTH20G buffer (25 mM Bis-Tris/HCI pH 7.0, 20 % (w/v)
glycerol, and 0.25 mg/ml Pefabloc) (Jarvi et al., 2011). The fractions were then
further solubilized for 5 min on ice with 1 % (w/v) n-dodecyl b-D-maltoside (DM)
(Sigma-Aldrich), which is capable of solubilizing almost all of the thylakoid system
(Wittig et al., 2006). In addition to the double-solubilized samples, thylakoids
solubilized with only 1 % (w/v) digitonin or DM were prepared. To add a negative
charge, to avoid protein complex aggregation and to visualize pigmentless protein
complexes, Serva Blue G buffer (100 mM Bis-Tris/HCI pH 7.0, 0.5 M ACA, 30 %
(w/v) sucrose, and 50 mg/ml Serva Blue G) was added to a final concentration of
10 % (v/v). The protein complexes of the final samples (2 ug chlorophyll/ul) were
separated with large pore blue native gel electrophoresis (BN-PAGE) with an
acrylamide gradient of 3—12.5 % (Jarvi et al., 2011).
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3.6 Measuring functional photosystems with fluorescence and
absorption signal

As described in section 1.1, an excited pigment molecule can return to its stable state
by transferring the energy to another pigment (e.g. LHC pigments), by transferring
an electron to another molecule in primary charge separation, reversing its electron
spin from singlet to triplet state or by releasing the excitation as heat. In addition, the
excitation can be released as a photon i.e. by emitting fluorescence. At room
temperature, fluorescence is mainly emitted from chlorophyll pigments associated
with PSII, due to restrictions in forwarding their excitation energy to Qa (Duysens
and Sweers, 1963; Butler, 1972). Since the PQ pool is central in modulating the
electron transfer rate, activating STN7 and receiving electrons from the cyclic
pathway, chlorophyll fluorescence methods are extensively used to study the
function of the ETC and the distribution of excitation energy. For the same reason,
it was also the most important method used in this thesis.

To investigate the relative excitation between PSII and PSI, the chlorophyll
fluorescence at 77 K (Paper I and IV) and 253 K (Paper V) was monitored. Due to
the rapid electron transfer from P7007 to the electron acceptors (Dau, 1994), only 10
% of total chlorophyll fluorescence derives from PSI-LHCI at 253 K (Govindjee,
1995), whereas freezing the thylakoids to 77 K halts any vibrational energy transfer
between the pigments and thus multiplies the fluorescence emission from PSI-LHCI
(Mukerji and Sauer, 1989). The samples in Paper I were prepared by diluting
fractionated thylakoid membranes with the 25BTH20G buffer to a concentration of
2 ug chlorophyll a+b / 100 pl, and the samples in Paper IV by adding storage buffer
to isolated thylakoids to a final concentration of 4 pg chlorophyll a+b / 100 pl. The
samples were excited with 482.5 nm light and fluorescence emission was recorded
using the Ocean Optics S2000 spectrophotometer. During the measurements, the
samples were kept in a cold block (253 K, —20 °C) or submerged into liquid nitrogen
(77K, -196 °C,).

In Papers 11, Il and IV, Dual pulse amplitude modulated (Dual-PAM) measuring
system was used to acquire more detailed information on the functional
photosystems. The system uses two separate light sources: actinic light (620 nm in
this thesis), which drives photosynthesis, and a pulsing measuring beam, which
induces PSII fluorescence at >700 nm and PSI absorption change at 830 nm
(Schreiber et al., 1986; Klughammer and Schreiber, 1994; Klughammer and
Schreiber, 2008). By detecting only signal triggered by the measuring beam, actinic
light intensities can be increased to a high level, and even pulses saturating the
photosystems can be applied without discrepancies in the detection. At the beginning
of a typical Dual-PAM experiment (Figure 4), minimal fluorescence (Fo) is detected
from plants acclimated to the dark. Next, a saturating flash is applied, resulting in
maximal PSII fluorescence (Fum). Maximal P700 signal (Pwm), on the other hand, is
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obtained by applying a saturating flash after a period of far-red light that completely
oxidizes PSI. More variables are collected after switching on actinic light: F> and P’
refer to steady-state and Fy® and Py’ to maximal fluorescence and P700 signal under
actinic light (Figure 4). With the variables — Fo, Fm, Py, F7, P°, Fm” and Py’ — several
parameters can be calculated that describe the function of photosynthetic light
reactions (Table 1).
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Figure 4. Typical Dual-PAM measurement. First, minimal fluorescence is detected under measuring
beam (MB). High intensity saturating pulse (SP) is applied to yield maximal fluorescence (Fw). Far-red light
(FR) is turned on to determine maximal oxidation of P700 (Pwm) with another SP. Steady-state fluorescence
and P700 under actinic light (AL) are designated as F’ and P’, while the maximal values under AL as Fv’
and PM’. Figure is modified from Figure 1A in Paper II.

Table 2. Dual-PAM parameters used in this thesis.

Parameter Definition

F’/Fm F’ normalized to Fw, relative reduction of Qa (Grieco et al., 2012)

(FM-F")/Fm’ Effective quantum yield of PSII (Genty et al., 1989)

Fu'/Fm Photochemically active PSII (Paper Il)

1-Fnm'[Fwm Non-photochemical quenching of fluorescence (Paper II)

Fv/Fwm (Fm—Fo)/Fm, maximal quantum yield of PSII (Kitajima and Butler, 1975; Genty et al., 1989)

ETR(II) Electron transfer through PSII, [(Fm—F’)/Fuw’] x PPFD x 0.84 x 0.5 (Miyake et al., 2005)

Y(NA) Pv—Pw’'/Pv, acceptor side limitation of PSI (Klughammer and Schreiber, 1994;
Klughammer and Schreiber, 2008)

Y(ND) P’/Pw, oxidation state or donor side limitation of PSI (Klughammer and Schreiber, 1994;
Klughammer and Schreiber, 2008)

ETR(I) Electron transfer through PSI, [(Pm'—P’)/Pum] x PPFD x 0.84 x 0.5 (Miyake et al., 2005)
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4 Results

4.1 Phosphorylation-dependent rearrangements in the
PSII-LHCII-PSI-LHCI megacomplex

4.1.2 L-LHCII connects the differently localized photosystems

To examine the functional interactions between the differently localized protein
complexes, in Paper I, thylakoid fractions with different protein complexes
composition were created by dissecting the thylakoids with (i) digitonin, (ii) DM or
(iii) digitonin followed by DM. Notably, both the solubilized and insolubilized
fractions were analysed in respect to their protein complex composition as well as
their relative distribution of excitation energy between PSII and PSI (Figure 5).
Protein complexes in the intact thylakoid (Intact) as well as in the insoluble fractions
after treatment with digitonin (DIG P) or DM (DM P) failed to penetrate the stacking
gel and were left in the well (Figure 5A). The solubilized fractions after digitonin
(DIG S) and DM (DM S) treatment, on the other hand, showed the typical protein
complex pattern described by Jarvi et al., 2011. Digitonin detached the large PSII—
LHCII-PSI-LHCI megacomplex, smaller PSII-LHCII supercomplexes, the so
called ‘state transition complex’ PSI-LHCII, monomeric PSI, dimeric and
monomeric PSII, ATP synthase, Cyt bsf as well as free L-LHCII (DM S). DM, on
the other hand, disintegrated four PSII-LHCII supercomplexes, monomeric PSI,
dimeric and monomeric PSII, M- and L-LHCII as well as monomeric LHCII proteins
(DM S).

DM is capable of dissecting almost the whole membrane into small complexes
and was, for this reason, used to further open the digitonin fractions. Indeed, DM
was able to detach the PSII-LHCII and M- and L-LHCII complexes from the grana
core (DIG P + DM) and, intriguingly, to disassemble the large PSII-LHCII-PSI-
LHCI megacomplex in the non-appressed membranes into PSII-LHCI, L-LHCII and
photosystems (DIG S + DM) (Figure 5A). Importantly, the DM solubilization of
both digitonin fractions was accompanied by fluorescence emission at 680 nm
(Figure 5B) — wavelength attributed to L-LHCII (Figure 2E in Paper I). Together,
the results from the BN-PAGE (Figure 5A) and fluorescence spectra (Figure 5B)
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suggest that the PSI-LHCI complexes form large megacomplexes with the grana-
enriched PSII-LHCII and that this connection is mediated by L-LHCII.
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Figure 5. Protein complex composition and relative excitation balance in thylakoid fractions
obtained with digitonin. Thylakoids were isolated from WT plants grown in moderate growth light (120
umol photons m=2 s7") and solubilized with either 1 % digitonin (DIG) or 1 % DM. The soluble supernatant
(S) and the insoluble pellet (P) fractions were then separated with centrifugation at 18,620 x g, and the S
and P from DIG solubilization were further treated with 1 % DM (DIG P + DM and DIG S + DM). (A) Serva
Blue G buffer was added to a final volume of 10 % (v/v) and the samples (1 pg of chlorophyll a+b) were
analyzed with IpBN-PAGE with an acrylamide gradient of 3-12.5 %. (B) Thylakoid fractions were diluted
into 2 pg chlorophyll / 100 pl, and fluorescence at 77 K was detected. Data were normalized to 733 nm.
Figure is modified from Figure 2 in Paper .

4.1.2 Phosphorylation status of LHCB2 determines the association of PSI in
the large megacomplex at grana margins

Since L-LHCII was demonstrated to energetically connect the protein complexes
between the appressed and nonappressed membranes, the reversible phosphorylation
of LHCB1 and LHCB2 likely plays a central role in regulating the interactions. To
investigate the means of such regulation, growth light and high light acclimated and
thus differently phosphorylated WT, stn7, stn8, stn7stn8 and tap38/pphl thylakoids
were solubilized with digitonin. Moreover, to follow the disintegration of the PSII—
LHCI-PSI-LHCI megacomplex, the digitonin concentration was gradually
increased and again, both the soluble and insoluble fractions were analysed from
each digitonin concentration.

The detachment of the different protein complexes of WT is depicted in Figure
6. Under growth light conditions, the first protein complexes to detach from the
thylakoid membrane were Cyt bsf and ATP synthase, which were completely
solubilized with 0.5 % digitonin. Next, PSI and phosphorylated LHCB2 (P-LHCB?2)
were fully disintegrated with 1 % digitonin. PSII, on the other hand, was practically
insoluble. After acclimation to high light (600 pmol photons m™ s™! for 2 h), the
detachment pattern drastically changed: now the majority of Cyt bsf and ATP

30



RESULTS

synthase were solubilized with as low as 0.25 % digitonin and most of the PSI and
P-LHCB2 already with 0.5 % digitonin. Under high light, PSII still remained
unreachable for digitonin. Intriguingly, the other LHCB proteins studied (LHCBI,
P-LHCB1, LHCB2 and LHCB3) behaved like P-LHCB2 under growth light, while
as a response to the high light treatment, they were confined into the grana core
(Figure 5B in Paper I).

Growth light High light
0 025 05 1 0 025 0.5 1 %digitonin
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CYTF| @ w=ies e B I S CYTF
ATPE[ . e [ | ATPF

Figure 6. Phosphorylation-dependent division of thylakoid protein complexes between appressed
and non-appressed membranes under growth light and high light conditions. Thylakoids were
isolated from WT plants grown in moderate growth light (120 pumol photons m=2s") as well as from plants
treated with high light (600 umol photons m=2 s™" for 2 h), and the isolated thylakoids were submitted for
solubilization with either 0.25, 0.5 or 1 % digitonin. The soluble supernatant (S) and the insoluble pellet
(P) fractions were then separated with centrifugation at 18,620 x g, after which the proteins of the fractions
were denatured and solubilized with sample buffer and separated with SDS-PAGE. Quantity of D1, P-
LHCB2, PSAB, CYT F and ATP F, representing PSII, L-LHCII, PSI, Cyt b6f and ATP synthase were
determined with specific antibodies. The white boxes indicate the digitonin concentration required to
solubilize 250 % of the total amount of the protein.

The knock-out mutants stn7, stn7stn8 and tap38/pphl explained the results gained
from studying the WT. In the absence of STN7 and consequent LHCII
phosphorylation (stn7 and stn7stnd8), the capability of digitonin to detach PSI, Cyt
bsf and ATP synthase was facilitated under growth light intensity, whereas the
opposite was true in the absence of TAP38/PPH1 (tap38/pphl) under high light
(Figure 5A in Paper I). The chlorophyll a/b values correlated with the location of
PSI: the chlorophyll a/b value significantly increased in the soluble fraction of stn7
and stn7stn8 under growth light and, conversely, in the insoluble fraction of
tap38/pphl under high light conditions (Figure 3 in Paper I). When compared to PSI,
Cyt bsf and ATP synthase, the LHCB2 protein remained relatively confined in the
insoluble fraction in stn7 and stn7stn8 under growth light, whereas in tap38/pphl
under high light it solubilized more readily (Figure 5B in Paper I). Under high light,
the other LHCB isoforms — LHCB1, P-LHCB1, P-LHCB2 and LHCB3 — were
packed in the insoluble fraction and were detachable only in tap38/pphl (Figure 5B
in Paper I). As summarized in Figure 6, altogether the results from WT and the
mutants demonstrate that the lateral heterogeneity between PSII and PSI along with
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Cyt bsf and ATP synthase strengthens as a response to increasing light intensity in a
process that is dependent on the reversible phosphorylation of LHCB2. Only PSII-
LHCII complexes with phosphorylated LHCB2 seemed to interact with PSI and,
intriguingly, this phosphorylation affected the rearrangements of the whole LET
complex — including Cyt bsf and ATP synthase.

4.2 Dependency of Dual-PAM parameters on light intensity and
regulatory mechanisms

Photosynthetic light reactions are widely studied using Dual-PAM parameters, but
detailed data on the dependency of the parameters on the molecular regulatory
mechanisms of the ETC has been missing. Since the regulatory mechanisms function
depending on the prevailing light conditions, the aim in Paper II was to determine
which changes in fluorescence and P700 parameters are specific, on one hand, to the
growth and actinic light intensity used in the measurements and, on the other hand,
to the well-known ETC regulatory mutations used here to assist in the identification
of the relationship between the molecular regulatory mechanisms and the
biophysical parameters.

4.2.1 Biophysically determined redox state of ETC is directly dependent on
the growth light intensity

To investigate the effect of the growth and actinic light intensity on the Dual-PAM
parameters, WT plants were grown under a low, moderate or high light intensity (50,
120 or 500 photons m™ s7") and were then subjected to Dual-PAM experiment with
actinic light intensity growing in five steps (23, 54, 127, 532 and 1595 photons m™
s™!). During the increase in actinic light intensity, the relative redox state of Qa,
estimated based on parameter F’/Fu, remained quite stable regardless of the
preceding growth light intensity (Figure 3A in Paper II). In contrast, the
photochemically active PSII (Fum’/Fm) and the effective quantum yield of PSII (Fm’—
F’)/Fu’) (Genty et al., 1989) of the low-light-grown plants were saturated
immediately after the actinic light intensity exceeded the light intensity the plants
were grown under (Figure 3B and D in Paper II). Plants grown under moderate or
high light reacted surprisingly similarly, by decreasing the fraction of
photochemically active PSII and the effective quantum yield of PSII only under high
light intensities. Similarly, the capacity to induce the thermal dissipation of excess
excitation energy (1-Fwm’/Fm) was dependent on the growth light intensity: the
majority of fluorescence was non-photochemically quenched after the actinic light
intensity exceeded that of growth light (Figure 3C in Paper II).
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Redox state of PSI was estimated with parameters Y(ND) and Y(NA), describing the
donor and acceptor side limitation of PSI (Klughammer and Schreiber, 1994;
Klughammer and Schreiber, 2008). The acceptor side limitation Y(NA) was kept
relatively stable in all plants and conditions, while the donor side limitation Y(ND),
describing the P700 oxidation state, increased immediately after the actinic light
intensity exceeded that of growth light (Figure 6, left panel). Interestingly, the higher
the growth light intensity was, the lower the capacity for the stromal electron
acceptors to oxidize P700 under high actinic light remained. Together the behaviour
of the fluorescence and P700 parameters demonstrate that growth light conditions
have a considerable effect on the redox state of the ETC and, furthermore, on the
redox state and capacity of the stromal acceptors. Consequently, the growth light
conditions also have a profound impact on the Dual-PAM measurements. For this
reason, when studying the molecular mechanisms using mutant lines, only plants
grown under exactly the same conditions should be compared.

4.2.2 Reversible phosphorylation, thermal dissipation and PGR5-dependent
control optimize the redox state of ETC

To elucidate how the regulatory mechanisms affect the Dual-PAM parameters, the
behaviour of WT plants grown under low, moderate or high light intensity (50, 120
or 500 photons m™ s7!) was compared with moderate-light-grown regulatory
mutants lacking STN7 (stn7), TAP38/PPH1 (tap38/pphl), PGRS (pgr5), PSBS
(npg4) as well as both PSBS and STN7 (npg4stn7). As above, the parameters were
detected under stepwise-increasing actinic light intensity (23, 54, 127, 532 and 1595
photons m™2 s7!). As to PSI, the absence of reversible LHCII phosphorylation caused
notable changes in parameters Y(NA) and Y(ND) under low actinic light (Figure 6,
right panel). Under low light, PSI was limited by the acceptor side in s¢z7 and by the
donor side in tap38/pphl, highlighting the role of steady-state phosphorylation in
balancing the excitation energy between PSII and PSI. Unexpectedly, when the
actinic light intensity exceeded that of growth light, the differences between stn7 and
tap38/pphl disappeared, suggesting the presence of another mechanism that protects
PSI from photodamage under high light. Indeed, the additional lack of PSBS in the
stn7 mutant (npg4stn7) led to a more reduced P700 and allowed the acceptor side of
PSI to limit also under high light. More severely, however, the Y(ND) and Y(NA)
parameters were affected in pgr5, which showed substantial acceptor side limitation
and was completely unable to oxidize P700 under actinic light intensities higher than
the growth light.

With respect to fluorescence parameters F’/Fy and 1-Fy’/Fu, the mutants pgr5,
npq4 and npq4stn7 behaved very similarly (Figure 4 in Paper II). In the mutants, the
PQ pool was seen to be relatively reduced, and the induction of thermal dissipation
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was weak under actinic light intensities exceeding the growth light intensity. This
result indicates that both PGRS5 and PSBS-dependent mechanisms are needed for the
optimal oxidation of the PQ pool under high light. However, the absence of PSBS
mostly only affected the fluorescence parameters, whereas the lack of PGRS also
disturbed the P700 parameters (Figure 7, right panel). Indeed, as reported in Papers
IT and III, the P700 of pgr5 remains completely reduced under high light, whereas,
interestingly, it is even more oxidized in npg4 than in the WT (Figure 7A, right
panel). This result demonstrates that under high light, the PSBS-dependent thermal
dissipation of excess excitation energy from LHCII is insufficient to keep PSI
oxidized, but instead, the PGR5-dependent mechanism is essential to protect the
entire ETC from over-reduction.
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Figure 7. Regulatory proteins STN7, TAP38, PSBS and PGR5 maintain optimal oxidation of PSI. (A)
Oxidation status and (B) acceptor side limitation of PSI, measured as Y(ND) and Y(NA), respectively, were
recorded, while increasing actinic light intensity stepwise (23, 54, 127, 532, 1595 mmol photons m™2s7"),
from Arabidopsis thaliana WT grown under low light (LL, 50 photons m=2 s~'), moderate light (ML, 120
mmol photons m~2 s") and high light (HL, 500 mmol photons m=2 s7') as well as from mutants stn7, npg4,
npg4stn7z, pgréand tap38/ pph1grown under moderate light. The leaves were illuminated with each actinic
light intensity for 5 min before applying the saturating pulse. Averages and standard deviations from 3-4
replicates are shown.
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4.2.3 PSI photoinhibition may affect the interpretation of fluorescence
parameters

As explained above, pgrJ is able to keep the ETC optimally oxidized under actinic
light intensities that are lower or similar to that of the growth light, whereas any
increase in the actinic light intensity severely disturbs the balance and is reflected in
both fluorescence and P700 parameters (Figure 4 in Paper II). If the actinic light
intensity fluctuates between low and high, the mutant is unable to control the electron
flow from PSII to PSI, which leads to the inhibition of PSI (Suorsa et al., 2012).
Interestingly, the maximal quantum yield of PSII, measured as Fv/Fu (Kitajima and
Butler, 1975; Genty et al., 1989), was decreased in pgr5 grown three days under
fluctuating light, suggesting photoinhibition also at PSII. However, parameter Fv/Fu
is derived from (Fm—Fo)/Fum, and when the variables Fm and Fo were individually
analyzed, PSII (Fm) was confirmed to be unaffected. Instead, Pm was seen to be
drastically decreased and, conversely, Fo substantially increased, indicating that the
limited amount of functional PSI centres accumulates electrons in the PQ pool and
consequently raises the baseline fluorescence Fo. This result implies that, in some
cases, the treatment of the raw signals such as Fo and Fm can mask valuable
information and, for this reason, special caution should be exercised when
calculating parameters for regulatory mutants with an unknown molecular
phenotype.

4.3 Role of PGR5 and NDH-1 in protecting PSI from
photoinhibition

Papers II and I1I demonstrated that under any increase in light intensity, the PGR5-
dependent regulatory mechanism keeps P700 oxidized by preventing excess
electrons from over-reducing the electron acceptors of PSI. In Paper IV, the capacity
of PGRS to protect PSI from damage upon a sudden increase in light intensity was
compared to that of NDH-1 mediating CET and chlororespiration. To this end, PSI
ofthe WT, pgr5 and ndho was specifically run down with a series of light treatments,
which involved first reducing the ETC with red light and then saturating the PSI
electron acceptors with a high-intensity pulse of white light (Tikkanen and Grebe,
2018). Furthermore, the possible role of PGRS and NDH-1 in mitigating the
consequences of PSI inhibition was investigated. For this reason, before any
experiments, the plants were allowed to re-balance their photosynthetic machinery
to the new PSI-limiting state for 24 h, during which the inhibited PSI is unable to
recover (Lima-Melo et al., 2018; Tikkanen and Grebe, 2018).
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4.3.1 PGR5 and NDH-1 are unable to protect PSI by accepting electrons upon
a sudden increase in light intensity

First, to compare the capacity of PGR5 and NDH-1 to protect PSI against the
photoinhibition treatment, the functional and actual amount of PSII and PSI were
determined using Dual-PAM and EPR (Figure 2A and B in Paper V). Unexpectedly,
the decreasing maximal fraction of photo-oxidable PSI, Pm, demonstrated that the
inhibition treatment affected WT, pgr5 and ndho very similarly (Figure 8, left panel).
Notably, only the function of PSI was run down, while the functional PSII as well as
the total amount of both photosystems remained unaffected (Figure 2C in Paper IV).
The result indicates that neither PGRS nor NDH-1 are capable of protecting PSI by
accepting electrons upon a sudden increase in light intensity if the electrons have
already accumulated in the ETC, as is the case after the deliberate PSI
photoinhibition treatment. To confirm that the intriguing result actually derives from
the inability of PGR5 and NDH-1 to quickly accept electrons from PSI,
Physcomitrella patens WT and fIvb mutant were added to the analysis. The flvb
mutant lacks both the FLV proteins known to protect PSI of Physcomitrella patens
by safely scavenging electrons upon an increase in light intensity (Gerotto et al.,
2016). Indeed, only Physcomitrella patens WT with functional FLV proteins was
tolerant to the inhibitory treatment, while the flvb mutant behaved like the
Arabidopsis thaliana WT and mutants by showing a significant decrease in the Pum
value (Figure 8, right panel), while Fm remained unaffected (Figure 2D in Paper IV).
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Figure 8. Fraction of functional PSI after deliberate photoinhibition treatment. The maximal oxidation
level of PSI, Puw, was determined from Arabidopsis thaliana WT, pgr5 and ndho leaves and from
Physcomitrella patens WT and flvb mutant protonemal tissue after 0, 2, 3 and 4 h of PSI photoinhibition
treatment. Before the experiments, the treated samples were allowed to rebalance their photosynthetic
machinery for 24 h under growth light conditions before any experiments. Averages of 3-5 measurements
are shown with their standard deviations. Statistical significance between the samples was determined
with one-way ANOVA and Tukey’s test. Significant differences between the control (0 h) and
photoinhibited (2 h and 4 h) samples are shown with letters a and b, referring to p<0.01 and p<0.05,
respectively.
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4.3.2 Mobile electron carriers and PGR5-dependent photosynthetic control
maintain ETC after PSI photoinhibition

Since PGRS and NDH-1 were concluded to be unable to protect PSI by accepting
electrons, their possible roles in rebalancing the ETC after the PSI photoinhibition
was investigated next. To this end, the electron transfer rate through the
photosystems of WT, pgr5 and ndho was estimated with Dual-PAM parameters
ETR(II) and ETR(I), introduced by Miyake et al. 2005, after 1 min of low (50 umol
photons m™ s7!) and high (600 pmol photons m™ s7!) red actinic light illumination
differently oxidizing the ETC (For light treatment details, see Table 2 in Paper IV).
Remarkably, under low actinic light, the decreased amount of functional PSI
drastically decelerated the electron transfer through PSII and accelerated that
through PSI in all genotypes (Figure 9, left panel). Under high actinic light, on the
other hand, clear genotype-specific differences emerged: as the PSI photoinhibition
proceeded, the ETR(II) slightly decreased in pgr5 but remained relatively high in
WT and ndho, while, intriguingly, the ETR(I) increased as high as threefold in WT
and fourfold in ndho, but remained unaffected in pgr5 (Figure 9, right panel). The
behaviour of the ETR(II) parameter demonstrates that PGRS is necessary to the
modulating of electron transfer through PSII under high light and that its function is
completely independent of the amount of functional PSI. Moreover, the ETR(I)
results suggest that the PGR5-dependent control of electron flow from PSII to PSI
enables the functional PSI centres to accelerate their electron transfer in order to
compensate for the lost photosystems.

A Low actinic light High actinic light Figure 9. Electron transfer through
photosystems after PSI photoinhibition.
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To elucidate this genotype-specific rate of electron transfer through the
photosystems, more Dual-PAM parameters were calculated after 1 min of low and
high actinic light differently oxidizing the ETC (For light treatment details, see Table
2 in Paper [V). The decreasing amount of functional PSI centres was visibly reflected
in the redox state of the PQ pool, measured as F’/Fu (Figure 5C in Paper IV). Under
low actinic light, the PQ pool of all genotypes became reduced as the amount of
functional PSI centres significantly declined and, in line with the ETR(II), this
phenomenon was the most prominent in pgr5. Under high actinic light, the activated
photosynthetic control and thermal dissipation in WT and ndho were able to prevent
the further reduction of the PQ pool despite the PSI photoinhibition, whereas the PQ
pool of pgr5 gradually became reduced under these conditions, eventually saturating
both the donor and acceptor sides of PSI (Figures SA—B in Paper IV) and slowing
down the electron transfer through PSII (Figure 9A, right panel).

The donor and acceptor side limitation of PSI, measured as parameters Y(ND)
(Figure 10A) and Y(NA) (Figure 5B in Paper IV), might explain the genotype-
specific differences in electron transfer through PSI. Under low light, the PSI
inhibition drastically decreased both the donor and acceptor side limitation of PSI in
WT, pgr5 and ndho, suggesting that the still functional PSI centres receive relatively
more electrons at the donor side and relatively more free electron acceptors at the
acceptor side of PSI. Under high light, on the other hand, the decrease in the amount
of functional PSI centres enabled the PGR5-dependent mechanism and the thermal
dissipation to enhance the oxidation of P700 in WT and especially in ndho, resulting
in increased donor side limitation and decreased acceptor side limitation i.e. in more
prominent photosynthetic control. Interestingly, the improved oxidation was
accompanied by an increased amount of PGRS as a response to PSI photoinhibition
(Figure 10B). Evidently, the enhanced capacity for photosynthetic control had no
effect on PSI oxidation under far-red actinic light, but it could explain why WT and
especially ndho were able to oxidize their PSI under high light — even more
effectively after PSI photoinhibition (Figure 10A). In addition, some NDH-1-
dependent oxidation was seen under high light before the photoinhibitory treatments,
after which the PGR5-dependent mechanism took over. The results suggest that,
under light-limiting conditions, electron transfer from PSII to PSI is dependent on
the availability of mobile electron carriers that reduce and oxidize PSI, whereas
under excess light, the rate is modulated by PGRS.

4.3.3 NDH-1 and PTOX protect PSI from over-reduction by enhancing the
proton gradient with chlororespiration

A possible role for NDH-1 in the mitigation of the consequences of PSI
photoinhibition was found when the Y(ND) parameter, describing the redox state of
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PSI, was calculated after 1 min of far-red light (Figure 10A). The strong genotype-
dependent behaviour of Y(ND) under far-red light demonstrated that, although far-
red light specifically excites and thus oxidizes PSI, the decreasing amount of
functional PSI leads to accumulation of the electrons from PSII in the ETC, seen as
a reduced P700 i.e. low Y(ND). The capacity of far-red light to oxidize PSI was
weakened in the absence of NDH-1 and conversely increase in the absence of PGRS.
This surprising result suggests that NDH-1 might have a CET-independent role in
oxidizing the ETC and that this mechanism could be enhanced in the absence of
PGRS. Subsequent western blotting (Figure 10B) provided further evidence for the
hypothesis by revealing that, indeed, NDH-1 and PTOX are upregulated in pgr5,
which means that it is conceivable for the proton-gradient-generating
chlororespiration to maintain P700 predominantly oxidized even in pgr5 under far-
red illumination.
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Figure 10. PSI oxidation depends on chlororespiration under far-red light and on PGR5 under high
light. A. Oxidation of PSI measured as Dual-PAM parameter Y(ND)=P/Pu was determined from WT, pgr5
and naho leaves after 0, 2 and 4 h of PSI inhibition treatment and after far-red, low intensity (50 uymol
photons m™ s7") and high intensity (600 pmol photons m= s7') actinic light. Averages of 3-5
measurements are shown with their standard deviations. B. Proteins from the isolated thylakoid
membranes of WT, pgr5 and ndho after 0, 2 and 4 h of PSI inhibition were separated with SDS-PAGE,
transferred to a PVDF membrane and immunodetected with antibodies against NDHL, PGR5 and PTOX.
Equal sample loading was confirmed with Coomassie (Coom.) staining. After photoinhibitory treatments,
the plant leaves were allowed to rebalance their photosynthetic machinery for 24 h under growth light
conditions before any experiments. Statistical significance between the samples was determined with one-
way ANOVA and Tukey’s test. Significant differences between the control (0 h) and photoinhibited (2 h
and 4 h) samples are shown with letters a and b, referring to p<0.01 and p<0.05, respectively.
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4.3.4 Light-activated PGR5 efficiently protects PSI from further damage
under high light

To take a closer look at the PGRS mechanism, the kinetics of P700 oxidation during
a high-intensity pulse of white light were dissected (Figure 11). The rapid oxidation
of WT P700 upon the saturating pulse indicated that the PGRS5-dependent
mechanism can respond to an increase in light intensity as quickly as in milliseconds
(Figure 11, lower panel). However, the similar oxidation capacity of WT and pgr5
after dark acclimation revealed that, in order to protect PSI against the sudden
increase in light intensity, PGRS first requires activation by light (Figure 11, upper
panel). Nevertheless, as the PSI photoinhibition proceeded, the -electrons
accumulating in the ETC during the low red actinic light drastically decreased the
capacity of PGRS to oxidize P700 upon the saturating pulse (Figure 11, lower panel).
Since the photosynthetic control remained inactive under low actinic light (F’/Fw,
Figure 5C in Paper 1V), this demonstrates that PGRS5 is incapable of protecting PSI
upon increasing light intensity if electrons have already accumulated in the ETC.
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Figure 11. PGR5-dependent oxidation of PSI upon abrupt increase in light intensity. P700 kinetics
during saturating pulse were detected from the WT and pgr5 after 0, 2 and 4 h of PSI inhibition and after
(A) 10 min dark acclimation and (B) 1 min of low (50 umol photons m=2 s™") red actinic light. Before the
experiments, the treated samples were allowed to rebalance their photosynthetic machinery for 24 h
under growth light conditions. Data shown are averages of 3-5 independent measurements that were
normalized to the final value at 1600 ms. Curves are presented on a log+o scale.
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5 Discussion

Natural fluctuations in light intensity challenge the photosynthetic light reactions, so
to ensure efficient growth and development without wasting resources, plants are
constantly balancing between maximal photosynthetic performance and minimal
oxidative damage. While the progenitors of chloroplasts, the cyanobacteria, rely on
electron scavengers and alternative electron transfer routes to protect their
photosynthetic machinery from light-induced damage, during the evolution land
plants have gradually changed their strategy from safety valves to preventing the
over-reduction of PSI (Jarvi et al., 2017). In order to protect PSI, flowering plants
like Arabidopsis thaliana, have developed a variety of molecular regulatory
mechanisms that optimize the distribution of excitation energy through reversible
phosphorylation and thermal dissipation as well as modulate the intersystem electron
transfer chain through photosynthetic control and chlororespiration. During the
development of these mechanisms, the soluble phycobilisome antenna was also
replaced with the membrane-bound LHCII antenna that enabled the thylakoid
membrane to stack and to partially separate PSII from PSI (Anderson, 1982). The
consequent two distinct thylakoid domains, the appressed and non-appressed
membranes, are thought to ensure efficient energy harvesting and protection of both
photosystems. In this thesis, Arabidopsis thaliana was used as a model organism to
investigate the strategy used by the flowering plants to protect PSI from light-
induced damage. The regulatory mechanisms were studied using a number of
different biochemical and biophysical approaches that were applied to several lines
of knock-out mutants lacking one or two of the regulatory proteins of photosynthetic
electron transfer.

5.1 Phosphorylation-dependent protein complex rearrangements
in the PSII-LHCII-PSI-LHCI megacomplex at the grana margins

The reversible phosphorylation of LHCII is known to optimize the distribution of
excitation energy between PSII and PSI (Bellafiore et al., 2005; Pribil et al., 2010;
Shapiguzov et al., 2010). Phosphorylated LHCB1 and LHCB2 subunits of LHCII
increase the physical affinity between LHCII and PSI (Lunde et al., 2000; Bellafiore
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et al., 2005) and the resulting PSII-LHCII-PSI-LHCII megacomplexes have been
found on the non-appressed regions (Suorsa et al., 2015). To investigate the energetic
connectivity and phosphorylation-dependent rearrangements of the PSII-LHCII—
PSI-LHCI megacomplex upon light acclimation, protein complexes on the non-
appressed thylakoids were detached from the thylakoid membranes with an
increasing digitonin concentration (Paper I). Since, traditionally, only the digitonin-
solubilized fraction of the thylakoids has been analysed, valuable information on the
physical interactions between protein complexes may have been ignored and, for this
reason, the approach in Paper [ was to biochemically and biophysically analyse both
the soluble and the insoluble fractions after digitonin solubilization. It is important
to note that the gradual access of digitonin into the thylakoid protein complexes is
likely based on stepwise breakage of interactions between the subcomplexes, rather
than actually steadily approaching the grana core as schematically depicted in Figure
3.

5.1.1 Phosphorylation status of LHCB2 determines the association of PSI in
the megacomplex

Under growth light conditions, WT plants show a moderate phosphorylation level of
the PSII core proteins D1, D2 and CP43 as well as the LHCII proteins LHCB1 and
LHCB2, while an increase in light intensity enhances the phosphorylation of the PSII
core and minimizes that of the LHCII proteins (Figure 1A in Paper I). Intriguingly,
the light-intensity-dependent phosphorylation status was accompanied by a specific
digitonin-dependent detachment pattern (Figure 6) of the protein complexes based
on their distribution in the thylakoid membrane (Figure 2). Indeed, as a response to
the increased light intensity, also the protein complexes underwent very distinct
rearrangements: under high light, both PSII and dephosphorylated LHCB2 were
found enriched in the digitonin-insoluble fraction, while the solubilization of PSI
along with a residual amount of P-LHCB2 was, interestingly, enhanced. Importantly,
the high-light-induced rearrangements were completely dependent on the
dephosphorylation of LHCII by TAP38/PPHI (Figure 6). This result clearly
demonstrates that the phosphorylation state of LCHB2 plays a major role in
determining the availability of digitonin to detach PSI, which is well in line with the
recent report demonstrating that it is L-LHCII that connects the PSII-LHCII
complex to PSI at the grana margins (Rantala et al., 2017).

PSI bound to PSII via phosphorylated L-LHCII is difficult for digitonin to detach
from the thylakoid membrane, as demonstrated by the ever-present residual PSI
proteins (Figure 6) and PSI fluorescence in the digitonin-insoluble fraction (Figure
2B in Publication I) and in the grana fractions obtained with either digitonin or
mechanical fractionation (Andreasson et al., 1988; Danielsson et al., 2004;
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Danielsson et al., 2006). As illustrated in Figure 12, this most likely results from the
strong interaction between PSI and L-LHCII that confines PSI to the large PSII-
LHCII-PSI-LHCI megacomplex and from the possible location of the
megacomplex in the partly folded grana margins (Figure 2). Indeed, as a response to
high light intensity, the dephosphorylation of L-LHCII releases PSI from the
megacomplex and makes it more susceptible for digitonin (Suorsa et al., 2015), and,
simultaneously, the high-level phosphorylation of PSII increases the stromal gap
between the grana stacks (Fristedt et al., 2009) and exposes the grana-enriched
complexes to digitonin (Figure 6).
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Figure 12. LHCII phosphorylation, photosynthetic control and thermal dissipation of excess
excitation energy in protecting PSI from excess electrons. A. (1) Under low light, phosphorylation of
L-LHCII binds PSII-LHCII and PSI-LHCI into one megacomplex, increasing the light harvesting antenna
for PSI, which is the complex limiting the electron transfer rate. B. Increasing light intensity, however,
induces several changes that protect PSI from excess electrons: (2) The STN7 kinase is inactivated and
the TAP38/PPH1 phosphatase is able to dephosphorylate the L-LHCII. (3) The dephosphorylation of L-
LHCII releases PSI-LHCI from the megacomplex and, simultaneously, the location of Cyt bsf and ATP
synthase is also regulated. Increased light energy accelerates the electron transfer and consequently
acidifies the thylakoid lumen. (4) The PGRS protein maintains the generated proton gradient through a
currently uncharacterized mechanism, thereby allowing the induction (5) of the photosynthetic control at
Cyt b6f, limiting the electron transfer from PSII to PSI, (6) as well as of the thermal dissipation (wavy lines)
of excess excitation energy at the LHCIl antenna, which decelerates the electron transfer at PSIl and thus
alleviates the electron pressure at the PQ pool.
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5.1.2 STN7-dependent rearrangements over-ride any STN8-dependent
changes in grana stacking

As a response to high light, grana stacks are loosened and the diameter of the stack
decreases in a process that is dependent on STNS kinase and the increased
phosphorylation of PSII core proteins (Fristedt et al., 2009; Herbstova et al., 2012).
The architectural alterations have been reported to facilitate the movement of
photoinhibited PSII from the grana core to the non-appressed membranes for the
replacement of the damaged D1 protein (Tikkanen et al., 2008; Fristedt et al., 2009).
For this reason, digitonin in Paper I was expected to detach a larger fraction of the
D1 protein after high light treatment and consequent PSII photoinhibition.
Surprisingly, the opposite was observed, and the distribution of D1 protein remained
unaltered after the high light treatment (Figure 6). However, unlike in the study
completed by Fristedt et al., no inhibitors of D1 synthesis were used in Paper I, likely
explaining the absence of D1 in the soluble fraction.

Another unexpected result was that the detachment pattern of the protein
complexes from the thylakoid membrane in sn8 resembled that in WT even after the
high light treatment, where the WT and stn8 show completely different membrane
structure: narrow and loose grana stacks in WT and wide grana stacks with fewer
layers in stn8 (Fristedt et al., 2009). It is possible that, despite the drastically distinct
membrane architecture, the two genotypes eventually contain a similar amount of
digitonin-accessible membrane. Moreover, the protein complexes of the stn7stn8
double mutant detached from the thylakoid membrane in the same way as in stn7,
even though the grana stacks of stn7stn8 show similar architecture as those in stn8
(Fristedt et al., 2009), suggesting that the function of STN7 and TAP38/PPH1 likely
over-rides the lack of STNS. This would also explain the similar distribution of
excitation energy in WT, stn8 and the mutant lacking PSII core phosphatase PBCP
in both light conditions (Paper [; Mekala et al. 2015).

5.1.3 Similar light-intensity-dependent dynamics of PSI and Cyt bsf might
protect PSI from photoinhibition

Despite extensive research, no consensus has been reached about the location of Cyt
bef in the thylakoid membrane. Spectrophotometric and immunological analyses of
mechanically fractionated thylakoid membranes concluded Cyt bef to reside slightly
enriched in the grana vesicles containing both the grana core and margins
(Andreasson et al., 1988). Nevertheless, later BN-PAGE analysis of similar fractions
visualized the complex all over the thylakoid membrane, except for the Y-100
fraction, but mostly enriched in the stroma thylakoids and grana margins (Danielsson
et al., 2006). Immunoblots of the soluble and insoluble digitonin fractions in Paper
I, on the other hand, localize the complex explicitly on the non-appressed membranes
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under both growth light and high light, while only a residual amount of Cyt bef was
left insoluble after as low as 0.5 % digitonin (Figure 6). In line with this result, it has
been previously demonstrated that Cyt bef is enriched in the stroma thylakoids
(150,000 x g digitonin fraction) together with the STN7 kinase that relies on the
complex for activation under low light (Wunder et al., 2013). On the other hand, the
complex is an essential part of the photosynthetic light reactions and should, for this
reason, be located close to the photosystems. The clear localization of Cyt bsf in the
stroma thylakoids (Wunder et al., 2013) may actually derive from the fact that the
complex is not a physiological part of the PSII-LHCII-PSI-LHCII megacomplex
(Rantala et al, 2017) and is therefore extremely susceptible to digitonin
solubilization even at the grana margins (Figure 12).

Intriguingly, the gradual detachment of protein complexes from the thylakoid
system revealed that the behaviour of Cyt bef followed that of PSI both under growth
light and after high light treatment (Figure 6). Indeed, the fact that Cyt bsf was found
in the non-appressed membranes even under high light, when the increasing stromal
gap would allow the flat complex to diffuse into the grana core, suggests that the
complex might be under similar light-intensity-dependent regulation as the one that
that separates PSI from the megacomplex. In fact, the PETO subunit of Cyt bef has
been shown to undergo reversible phosphorylation by the STN7 kinase homolog Stt7
as a part of the activation of the kinase in green algae Chlamydomonas reinhardtii
(Hamel et al., 2000). Since the subunit is only loosely bound and not necessary for
the enzymatic activity of the complex, it might serve a regulatory role in state
transitions (Hamel et al., 2000). Moreover, similar function has been proposed for a
loosely bound subunit Ssr2298 in cyanobacterium Synechocystis sp. PCC6803
(Volkmer et al., 2007). However, whether such subunits exist and regulate the
distribution of excitation energy in plants remains to be solved.

The reason for the pronounced dynamics of the lateral heterogeneity of the
thylakoid protein complexes as a response to increasing light intensity is still unclear,
but, based on Papers I and IV, they might serve as a protective mechanism for PSI
(Figure 12B). The dephosphorylation of LHCII upon an increase in light intensity
undoubtedly decreases the fraction of LHCII collecting excitation energy for PSI,
yet in the case of a sudden burst of electrons from PSII, a small antenna incapable of
powering the electrons forward would be detrimental. Instead, according to the
Papers [I-1V, the protection of PSI in flowering plants is dependent on the ability to
modulate electron transfer from PSII to PSI by PGRS. Thus, the protective effect
provided by the dynamics of the lateral heterogeneity likely derives from the
physical control of the distance between PSII, PSI and Cyt bsf (Figure 12B). Similar
regulation of PSI and Cyt bsf could also allow a fast activation of the STN7 kinase
on the onset of illumination, ensuring sufficient energy for the NDH-1-dependent
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CET that, during the activation of carbon assimilation reactions, could prevent over-
reduction of the stromal acceptors.

5.2 PGR5, NDH-1 and PTOX protect PSI from photoinhibition by
modulating the proton gradient

It has been clearly demonstrated that PSI is extremely susceptible to excess electrons
over-reducing and damaging its FeS centres (Sonoike, 1996; Sonoike, 2011; Suorsa
et al., 2012). Excess electrons can accumulate when the light intensity suddenly
increases and PSII feeds electrons to the ETC regardless of the redox state of PSI’s
stromal acceptors. Since light conditions in nature rarely remain constant, plants
need to respond to fluctuations in light intensity very quickly in order to protect PSI
from over-reduction and, since the light conditions in nature always coexist with
various other abiotic and biotic factors, it is plausible that occasionally the regulatory
mechanisms fail to keep the ETC optimally oxidized and PSI gets damaged. Due to
the lack of an efficient repair cycle for the damaged PSI, plants have created an
efficient regulatory network controlling the electron flow from PSII to PSI both in
order to prevent and mitigate the photoinhibition of PSI.

In light of current knowledge, PGRS5 and NDH-1 protect PSI from over-reduction
by cycling electrons from ferredoxin to the PQ pool (Yamori and Shikanai, 2016).
However, a comparison of the flowering plant Arabidopsis thaliana and the moss
Physcomitrella patens with respect to their tolerance against PSI photoinhibition
revealed that neither PGRS nor NDH-1 can protect PSI upon a sudden over-reduction
of its acceptor side, unlike the FLV proteins of Physcomitrella patens (Figure 8).
The inability of NDH-1 to unload the electron pressure at PSI might simply result
from too slow oxidation capacity or, alternatively, the FLV proteins might be able to
accept their electrons directly from the FeS centres of PSI. For some reason,
however, flowering plants lost the FLV proteins during their evolution and, as
demonstrated in Papers II, III and IV, protect their PSI by optimizing the redox state
of the ETC.

5.2.1 PGRS5 only modulates the rate of CET indirectly

The pgr5 mutant lacking the functional PGRS protein was first identified for its
reduced capacity to induce the thermal dissipation of excess excitation energy, and
this defect was found to be connected to its extremely reduced ETC under high light
(Munekage et al., 2002). The reduced ETC, on the other hand, was proposed to be
result of an uncontrolled flow of electrons from PSII to PSI due to the lack of CET
(Munekage et al., 2002). According to this view PGRS5 would cycle electrons from
PSI to the PQ pool, thus strengthening the proton gradient, and, consequently, induce
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thermal dissipation from the PSII antenna, finally preventing more electrons from
entering the ETC (Munekage et al., 2002). In light of recent research, however, this
model appears inconsistent. First, if CET were induced under excess light, it would
work against photosynthetic control by activating the Q cycle; it therefore seems
illogical for the oxidation of PSI to require further reduction of the ETC. Second, as
also demonstrated in Paper I, it is now clear that LHCII can act as a shared antenna
for both PSII and PSI (Wientjes et al., 2013a; Grieco et al., 2015; Akhtar et al., 2016;
Bos et al., 2017; Rantala et al., 2017), making it impossible to specifically down-
regulate PSII. In fact, in the absence of either the xanthophyll cycle (Grieco et al.,
2012) or the PSBS protein (Papers II and III), PSI has been shown to receive extra
energy and to be able to avoid over-reduction even under very high light.

A major leap towards disclosing the physiological role of PGRS was taken when
pgr5 was found to be unable to survive sudden increases in light intensity due to its
over-reduced ETC and consequently damaged PSI (Suorsa et al., 2012). Although
the over-reduced PSI of pgr5 can be restored with an alternative electron acceptor
(Munekage et al., 2002), it is also possible to achieve the same result with DCMU
treatment that blocks the electron transfer from PSII, indicating that the electrons
accumulating in PSI in pgr5 originate from PSII (Suorsa et al.,, 2012).
Complementarily, it has been demonstrated that the pgr5 phenotype can be alleviated
by specifically down-regulating PSII (Tikkanen et al., 2014; Suorsa et al., 2016),
suggesting that instead of accepting the electrons from PSI, PGRS5 prevents them
from entering PSI. A very liable possibility is that PGRS modulates electron transfer
from PSII to PSI — and thus possibly also CET — by controlling the proton
conductivity of the thylakoid membrane. Indeed, pgr5 behaves surprisingly similar
to a Nicotiana tabacum mutant with decreased ATP synthase activity (Rott et al.,
2011), and, in line with this, pgr5 grown under fluctuating light, i.e. upon severe PSI
photoinhibition, substantially upregulates the amount of ATP synthase (Suorsa et al.,
2012). Moreover, it was recently demonstrated that the biophysical phenotype of a
mutant with increased ATP synthase activity strikingly resembles that of pgr3,
indicating that the behaviour of these mutants solely results from the impairment of
the proton gradient (Kanazawa et al., 2017).

5.2.2 PGR5 protects PSI from photoinhibition by controlling the electron flow
from PSII to PSI under excess light

The data presented in Papers 11, IIT and IV calls into question any direct role of PGRS
as the major mediator of CET and demonstrates that, instead of CET, PGRS is
responsible for controlling the linear electron flow upon an increase in light intensity
by preventing electrons from over-reducing PSI. Indeed, the dissection of the P700
oxidation kinetics in Paper IV showed that, upon a sudden increase in light intensity,
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the PGR5-dependent mechanism can be recruited in a few milliseconds, given that
the mechanism is first activated by light, likely via lumen acidification (Figure 11).
When active, PGRS is able to decelerate electron transfer from PSII to PSI and to
keep PSI oxidized even after a 70 % decrease in functional PSI (Figures 8 and 9A),
suggesting that the function of PGRS5 remains completely independent of the amount
of functional PSI and is thus unlikely to be directly related to CET. Furthermore, as
demonstrated by Figures 8 and 11, PGRS is incapable of protecting PSI upon a
sudden increase in light intensity if the electrons have already passed the
photosynthetic control point at Cyt bef, confirming that the functional target of PGRS
is the donor side of PSI.

Paper IV demonstrated that the PGRS5-dependent regulation of the proton gradient
is of utmost importance in mitigating the consequences of PSI photoinhibition. An
examination of the donor and acceptor side limitation of PSI (Figure 10A here and
5B in Paper IV) revealed that plants can compensate for the loss of PSI function by
improving the electron transfer capacity of the remaining PSI and that this
emergency measure is dependent on PGRS under high light (Figure 9B). Indeed, as
depicted in Figure 13, the photosynthetic control of Cyt bsf allows the reduced
plastocyanin and oxidized ferredoxin to diffuse from the damaged PSI centres and,
as a result, to accelerate electron transfer through the functional centres. On the other
hand, under light limiting conditions and without photosynthetic control plants seem
to protect PSI by enhancing the capacity of the electron acceptors: the simultaneous
high Y(ND) and low Y(NA) parameters under far-red and low actinic light (Figures
10A here and 5B in Paper IV) indicate that plants maintain a high ratio of stromal
acceptors with respect to the luminal donors, which, in the absence of FLV proteins,
likely protects PSI against any sudden burst of electrons under the naturally and
constantly changing light intensity.

The western blots highlighted the importance of PGRS in rebalancing the ETC
after PSI photoinhibition: the photoinhibition treatment drastically upregulated the
amount of PGRS5 in WT and ndho (Figure 10B). The increased amount of PGRS
undoubtedly strengthens the proton gradient across the thylakoid membrane and,
consequently, improves the regulation of ETC through photosynthetic control and
thermal dissipation of excess excitation energy (Figure 13). Moreover, during the
PSI repair, accelerating the synthesis of ATP is likely essential (Figure 13).
Intriguingly, although the amount of PGR5 was upregulated under a PSI-limiting
state, the amount of PGRL1 remained unaltered (Paper IV), indicating that PGRS
might also be able to function also independently of its membrane anchor. In fact,
the enrichment of PGRL1 on the non-appressed membranes and the location of
PGRS5 in both appressed and non-appressed membranes (Hertle et al., 2013; Suorsa
et al., 2014) suggest that the function of PGRS is controlled by regulating the
physical interaction between the proteins. This type of a dual function of PGRS
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would better agree with the hypothesis of PGRL1 as the antimycin A-sensitive CET
pathway (Hertle et al., 2013). Indeed, unlike PGRS, PGRL1 is able to translocate
electrons (Hertle et al., 2013), and the decreased amount of the possible PGRL1
mediated CET could explain some of the results obtained from pgr5. Nevertheless,
even if PGRS was required for the putative PGRL1 mediated CET, the data in Paper
IV unequivocally indicates that the major role of PGRS is the regulation of electron
transfer from PSII to PSI — completely independently of the amount of functional
PSIL
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Figure 13. Rebalancing the ETC after PSI photoinhibition. A. Under steady-state conditions,
photosynthetic light reactions are balanced in order to optimize the production of NADPH and ATP. B.
The sudden loss of a fraction of PSI centres, however, severely disturbs the balance. The consequent
relatively large pools of (1) reduced plastocyanin (PC) and (2) oxidized ferredoxin (Fd) are now utilized by
the remaining functional PSI centres. (3) The electrons from Fd, on the other hand, are redirected into the
PQ pool by NDH-1 and (4) from the PQ pool to O2 by PTOX. The action of PTOX not only scavenges the
electrons deriving from PSI via NDH-1 but also prevents new electrons from entering PSI by draining them
directly from the PQ pool. Importantly, NDH-1 and PTOX mediated chlororespiration strengthens the
proton gradient: PTOX utilizes protons in the stroma and the electron transfer through NDH-1 is coupled
to proton pumping from the chloroplast stroma into the thylakoid lumen. (5) In addition, it is possible that
upon PSl inhibition, FNR starts to function in a reverse direction by oxidizing NADPH in order to produce
reduced Fd for chlororespiration. (6) The enhanced proton gradient is maintained by the PGR5 protein
and it (7) limits electron transfer from PSI| to PSI, (8) induces the thermal dissipation of excess excitation
energy and, finally, (9) accelerates the synthesis of ATP that is essential for PSI repair.
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5.2.3 NDH-1 and PTOX mitigate PSI photoinhibition by generating a proton
gradient under light-limiting conditions

Intriguingly, the decrease in functional PSI centres lead to a clear upregulation of
PTOX both in the WT and in the pgr5 and ndho mutants (Figure 10B). The protein
has also previously been reported to increase in amount in pgr5 grown under both
constant and fluctuating light conditions (Suorsa et al., 2012), suggesting a role for
the protein as a safety valve under conditions that over-reduce PSI. Indeed, soon
after its discovery (Cournac et al., 2000), PTOX was shown to restrict the electron
flow from PSII to Cyt bef during the slow activation of the carbon assimilation upon
dark-to-light transition of plants (Joét et al., 2002). PTOX was, however,
demonstrated to be unable to protect PSI from over-reduction upon a sudden increase
in light intensity when grown under steady-state light conditions, suggesting that
more drastic changes are needed for the protein to start properly oxidizing the PQ
pool (Joét et al., 2002; Rosso et al., 2006). Based on the results by Suorsa et al., 2012
and those presented in Paper IV, such an activation signal could involve the
photoinhibition of PSI.

In addition to PTOX, the pgr5 mutant increased the amount of NDH-1 as a
response to PSI inhibition (Figure 10B) and, in fact, similar concomitant
upregulation has also been reported as a response to high light and high temperature
i.e. in conditions leading to extreme reduction of the PQ pool (Quiles, 2006). As
depicted in Figure 13, the simultaneous upregulation of NDH-1 and PTOX indicates
an enhanced capacity of pgr5 to oxidize the ETC through CET and chlororespiration:
as the electron transfer through the still functional PSI centres increases, NDH-1
could safely redirect the electrons into the PQ pool for PTOX to reduce O> with them.
In addition to the direct oxidation of PSI by NDH-1 and the PQ pool by PTOX, the
functioning of both NDH-1 and PTOX induces photosynthetic control and the
thermal dissipation of excess excitation energy as well as improves the synthesis of
ATP by decreasing the pH of the lumen (Figure 13). This results from the fact that
electron transfer through NDH-1 is coupled to proton pumping from the chloroplast
stroma into the thylakoid lumen and that the reduction of PQ to PQH; as well as that
of Oz to H2O by PTOX consumes protons from the stroma.

Unlike PGRS, both NDH-1 and PTOX function independently of light activation,
and thus pgr5 is able to strengthen the proton gradient and the consequent
photosynthetic control immediately on the onset of illumination. Likely due to the
enhanced chlororespiration and the substantial proton pumping capacity of NDH-1,
pgr5 was able to keep PSI and thus the whole ETC relatively oxidized under low
actinic light intensities (Figure 7) as well as under far-red light even after the most
severe PSI inhibition (Figure 10A). It is also plausible that, in the PSI-limiting state,
the chlororespiration capacity and consequently improved ATP synthesis are
enhanced by reverse-functioning FNR that produces reduced ferredoxin even at the
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cost of NADPH, as illustrated in Figure 13. However, the dynamic distribution of
FNR and the different forms of ferredoxin between the photosynthetic light reactions
and chlororespiration remains to be elucidated.

Although PTOX was also seen upregulated in ndho as a response to PSI
photoinhibition (Figure 10B), the simultaneous increase in the amount of PGRS has
likely enhanced the proton gradient under high light, masking the effect of PTOX
and explaining the improvement in P700 oxidation (Figure 10A) and the alleviation
of the acceptor side limitation (Figure 5B in Paper [V). These results from ndho are
in line with previous reports (Joét et al., 2002; Rosso et al., 2006) showing that PTOX
is capable of oxidizing the ETC only on the onset of illumination, and thus highlight
the role of PGRS as the major regulator under excess light.
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6 Conclusions

The work in this thesis has provided novel details on the acclimation of
photosynthetic light reactions to an increase in light intensity and the possible
photoinhibition of PSI. It has elucidated how LHCII phosphorylation, photosynthetic
control, thermal dissipation, cyclic electron transfer and chlororespiration together
balance the photosynthetic light reactions in order to protect PSI from light-induced
damage.

Paper I confirmed that only the STN7-dependent phosphorylation of the LHCB2
protein under low light enables the optimal excitation balance between the two
photosystems by determining the attachment of PSI into the large megacomplex
(Figure 12). Complementarily, it was shown that upon an increase in light intensity,
PSI is protected from excess electrons by spatial separation of PSI from the
megacomplex by TAP38/PPH1 phosphatase and, simultaneously, by an increase in
the physical distance between PSII and Cyt bef.

Papers II, I and IV cumulatively showed that the PGRS protein protects PSI from
over-reduction by modulating the photosynthetic control in a manner that is CET-
independent. It was discovered in Paper IV that the function of PGRS requires
activation by light and that after activation, PGRS can respond to an increase in light
intensity in a few milliseconds. Paper IV also revealed that in the case of PSI
photoinhibition, the ETC is rebalanced by NDH-1, PTOX and PGRS5 (Figure 13).
NDH-1 and PTOX mediated chlororespiration prevents the over-reduction of
stromal acceptors under low light both by accepting electrons from PSI and by
strengthening the proton gradient, but if the light intensity increases, PGRS5 takes
over the protection by enhancing the photosynthetic control of electron transfer from
PSII to PSI. Furthermore, Paper IV demonstrated that plants are able to compensate
for damaged PSI centres by accelerating electron transfer through the remaining
functional ones by redistributing the mobile electron donors and acceptors.
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/ Future perspectives

The ever-growing human population and ongoing climate change challenge the
global production of food, feed and fuel. One way to improve photosynthetic
production is to enhance the light reactions. However, based on the results of this
thesis, special emphasis would have to be placed on avoiding the saturation of ETC
and consequent PSI photoinhibition. For this reason, another more plausible way to
improve production is to enhance the synthesis of organic compounds by
photosynthesis. This could be attained by eliminating the restricting steps in
photosynthetic light reactions and in the carbon assimilation. First, since the
accumulating end products of photosynthesis inhibit their production via a negative
feedback loop, larger sinks for the organic compounds would be essential. Second,
the capacity of Rubisco to bind CO; should be improved in order to avoid wasteful
photorespiration i.e. the reduction of O; instead of CO;. Third, once the carbon
assimilation reactions would not limit the light reactions, the regulatory mechanisms
controlling the electron flow from PSII to PSI could also be weakened in order to
produce more ATP and NADPH for the carbon assimilation reactions. Alternatively,
completely new metabolic routes could be designed to drain the electrons from the
light reactions, which would again alleviate the effects of the strict regulatory
mechanisms restricting the production of ATP and NADPH.

To be able to modify photosynthesis in any way, basic research is essential to
understand how the light reactions are controlled under the natural environmental
conditions as well as how they communicate with the rest of the chloroplast and the
whole plant cell. While high-resolution imaging techniques are quite well developed,
the fractionation of the thylakoid membrane remains as a valuable tool to investigate
the dynamics of the photosynthetic light reactions. In addition to the fractionation of
the thylakoid membrane, it is important to develop methods that retain the
photosynthetic machinery as intact as possible in order to specifically target the
regulatory mechanism of interest, as for instance was done with the deliberate PSI
photoinhibitory treatment in Paper IV.
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ABBREVIATIONS

Abbreviations

ADP
ATP
B1-9
BN
BTH
CET
Chl
CO;
Cyt bef
DIG
DM
EPR
ETC
ETR()
ETRI)
F’

Fo
Fd
FeS
FLV
Fm
Fw’
FNR
FR
Fv
GL
H+
H,O
H:0:
HCI
HL

Adenosine diphosphate

Adenosine triphosphate

BN bands

Blue native

Bis-Tris buffer pH-adjusted with HCI

Cyclic electron transfer

Chlorophyll

Carbon dioxide

Cytochrome bsf complex

Digitonin

Dodecyl maltoside

Electron paramagnetic resonance

Electron transfer chain

Electron transfer through PSI, [(Pm’—P’)/Pm] x PPFD x 0.84 x 0.5
Electron transfer through PSII, [(FM’—F’)/FM’] x PPFD x 0.84 x 0.5
Fluorescence under light

Minimal fluorescence

Ferredoxin

Iron-sulphur

Flavodiiron

Maximal fluorescence after dark acclimation
Maximal fluorescence under light
Ferredoxin-NADPH-oxidoreductase

Far-red light

Variable fluorescence, Fu— Fo

Growth light

Proton

Water

Hydrogen peroxide

Hydrogen chloride

High growth light, 500 mmol photons m™ s™!
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kD
LHCI
LHCII
LL
L-LHCII
MB
ML
M-LHCII
NADP*
NADPH
NDH-1
NPQ
(07
OH

|

P-

P’

P,

P680
P680*
P680*
P700
P700*
P700*
PAGE
PAM
PC
PGRS
PGRL1
pH

Phe

P;

PIT

Pm

Pw’
PPFD
PPH1
PQ
PQH:
PSI

ABBREVIATIONS

Kilodalton

Light harvesting complex I

Light harvesting complex 11

Low growth light, 50 photons m™2 s~!

Loosely bound LHCII

Measuring beam

Moderate growth light, 120 mmol photons m™ s™!
Moderately bound LHCII

Oxidized nicotinamide adenine dinucleotide phosphate
Reduced nicotinamide adenine dinucleotide phosphate
Type I NDH dehydrogenase
Non-photochemical quenching of fluorescence
Superoxide anion

Hydroxide anion

Pellet (Paper I) or P700 signal (Papers [1-1V)
Phosphoryl group on a protein

P700 signal under light

P700 signal under light

Primary electron donor of PSII

Excited P680

Oxidized P680

Primary electron donor of PSI

Excited P700

Oxidized P700

Polyacrylamide gel electrophoresis

Pulse amplitude modulated

Plastocyanin

PROTON GRADIENT REGULATIONS
PROTON GRADIENT REGULATION LIKE1
Negative logarithm of H" concentration
Pheophytin

Inorganic phosphate

PSI photoinhibition treatment

Maximal P700 signal after dark acclimation
Maximal P700 signal under light
Photosynthetic photon flux density

PROTEIN PHOSPHATASEI

Plastoquinone

Plastohydroquinone

Photosystem I
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PSII
P-Thr
PVDF
Q

S

SDS
S-LHCII
SP
STN7
STNS
TAP38
WwT
Y(NA)
Y(ND)
Yp

Yo’

Yz

ABBREVIATIONS

Photosystem 11

Phosphothreonine

Polyvinylidene fluoride

Quinone

Supernatant, soluble digitonin fraction

Sodium dodecyl sulphate

Strongly bound LHCII

Saturating pulse

STATE TRANSITION7 kinase

STATE TRANSITIONS kinase

THYLAKOID ASSOCIATED PHOSPHATASE of 38kD
Wild type

Acceptor side limitation of PSI, Pv—Pwm’/Pum
Donor side limitation of PSI, P/Pm

Tyrosine D, an amino acid residue of D2 protein
Tyrosine D radical of D2 protein

Tyrosine Z, an amino acid residue of D1 protein
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